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ABSTRACT 
 
This dissertation primarily encompasses the synthesis, characterization, properties 
and discussion of applications for lactide derived polymers.  The methodology focuses on 
altering polylactide’s (PLA’s) dynamic and physical properties increasing its broad 
market utility in both traditional and non-traditional applications.  The fundamentals of 
this work include understanding and enhancing the  polymer chemistry and materials 
related processes through the use of copolymerization, fluorination, composite chemistry 
and materials science.   
The first chapter discusses the important of this research with emphasis on current 
world issues that focuses on the feasibility of renewable resources and sustainability 
implementation. Modification of renewable resource materials like lactic acid is an 
encouragingly versatile way of impacting the economy in renewable technologies.  There 
is a growing impetus towards the development of sustainable technologies.  Chapter 2 
provides a comprehensive literature review of polylactide, a renewable resource polymer 
designed for a variety of medical, textiles and plastics based applications. Polylactic acid 
(PLA) is highly desired and is one of the leading candidates which is derived from a 
renewable resource and is also biodegradable.   
Chapter 3 involves the copolymerization of PLA with another renewable resource 
polymer, Polyhydroxyalkanoate (PHA) designed specifically for biomedical applications 
and improving upon PLA’s intrinsic properties.  It also provides a mini-review of PHA, 
focusing on significant attributes that make it an attractive counterpart in the 
copolymerization process.  Chapter 4 introduces a general perspective on 
 iii
perfluoropolyethers and the influence of the C-F bond.  It includes the synthesis and 
characterization of perfluoropolyether modified PLA polymers with emphasis on surface 
property enhancement.   
The next chapter (5) focuses on a slightly different approach. It relies on the 
development of novel thiophene based monomers that can act as an initiator for the ring 
opening polymerization of lactide and illustrates its ability as highly luminescent material 
that can have use in sensing applications.  Chapter 6 also involves the synthesis of a 
novel four arm star monomer, resulting in a dendrimer like polylactide polymer.  Its 
efficiency as a chemical sensor and potential for antimicrobial and antifungal properties 
will be discussed. 
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CHAPTER ONE 
 
OUTLOOK ON RENEWABLE RESOURCES AND SUSTAINABILITY 
IMPLEMENTATION 
 
World energy demand and consumption is expected to exponentially increase, 
particularly due to industrial development, increased population and rapid growth in 
transportation sectors.  The International Energy Administration (IEA) estimates that 
world energy consumption will increase from 463 quadrillion (1.05 x 1018 J) Btu from the 
year 2005 to 721 quadrillion Btu by the year 2030 and the majority of this energy will be 
produced from fossil based resources.1  In relation, oil consumption is expected to 
increase from 83 million barrels in 2003, up to 117 million barrels by the year 2030 
(figure 1.1).  Thus, development of suitable long term strategies based on renewable 
resources and sustainable economies has been one of the leading strategic plans across 
the globe.  
There is a synergism between the term “renewable resources” and the concept of 
“sustainability” and this is evident through their descriptive definitions.  Renewable 
resources is stated as “Any resource that is not in danger of being depleted, and that can 
be replenished at a rate faster or equal to that of the human consumption rate”2, while  
sustainability is  usually defined as “the ability to recognize the cause and effects of 
human consumption of materials and energy, realizing the negative impacts on 
biophysical systems and the environment, while  encouraging increased efforts to negate 
the depletion of natural sources that may compromise the ability of future generations to 
sustain themselves successfully”.3   The implementation of renewable resource 
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technology is thus acknowledged as a main component of sustainability as its importance 
is being realized across the globe. 
 
These areas of research has garnered significant attention within the past few decades 
and is evidenced through the multiple programs, conferences and strategic campaigns 
designed towards pursuing ‘safer’ research, monitoring current technologies and seeking 
opportunities to provide safer products  across the world.  For example, the Technology 
Roadmap for Plant/Crop based Renewable Resource 2020 vision sponsored by the 
Department of Energy (DOE) has targeted research that enables a certain amount of 
renewable plant/crop based resources to replace current oil/fossil based resources in the 
development of products.  It states: “The vision is to provide continued economic growth, 
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Figure 1.1. Projected total world energy and oil consumption to 20301 
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healthy standards of living, and strong national security through the development of 
plant/crop based resources that are a viable alternative to the current dependence on non-
renewable diminishing fossil based resources”.4   In addition, The American Chemical 
Society has implemented multiple programs, sessions and conferences exploring new 
endeavors and scientific achievements towards ‘greener’ chemistry, products and 
processes.  Publications and reviews detailing the many advances in renewable products 
syntheses, genetics, bioenergy, biotechnology, process chemistry and engineering 
concepts further enable significant contributions and considerations in this arena.5, 6, 7, 8, 9  
These programs, among others enable us to put in perspective, the importance of finding 
alternative technologies or strategies that will facilitate our transition to a more 
sustainable future.   
There have been advances in specific renewable resource systems that play 
significant roles in a realizable sustainable future especially in replacing fossil based 
technologies.  These systems include solar technology (photovoltaics-the direct 
conversion of sunlight to electricity), biomass (plants, trees, etc.), wind, waves and 
hydroelectricity (Figure 1.2).   In comparison to depleting fossil derived resources 
(natural gas, oil and coal), renewable resource systems offer a way to adapt to a 
sustainable environment and promote effective management of greenhouse gas emissions 
This technology enables the production of biofuels (syngas), biomaterials (plastics, 
chemicals) and the generation of energy systems (heat, electricity) that serve as 
replacements for traditional existing fossil derived technologies and non-renewable 
products.   
 4
 
In the chemical industry, polymeric materials have enabled much technological and 
economic development for the past century.  Polymers have advantageous molecularly 
definable properties, which are tailorable due to their wide variety of structures, 
molecular weight and functionalities.  Polymers have become an indispensable 
commodity as they are utilized heavily in our everyday lives ranging from clothing, 
Biomass
Wave power
SolarHydro power
Wind power
 
Figure 1.2 Representative diagram of renewable resource systems1,2 
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paints, food packaging, automobile applications and continuing emerging technologies.  
Currently, fossil based feedstock is utilized in approximately 90% of the current raw 
materials used in the chemical industry, with a significant portion converted to polymeric 
based products.   
Based on the expected significant industrial and population growth, the current 
depletion of fossil feedstock has been viewed as a worldwide threat in terms of 
compromising the ability of future generations to sustain themselves successfully.  Other 
causes of concern from this standpoint are the non-biodegradability and/or bio-
persistence and the environmental hazards such as ozone depletion, air and environmental 
pollution and rapid increase of industrial and toxic waste.  These perceived risks, along 
with recurring energy crisis and political instabilities in oil abundant regions across the 
globe has promoted a growing emphasis towards the development of more sustainable, 
environmental-friendly renewable resources.   
Renewable resource derived polymers offer a way to reduce our current dependence 
on petroleum-based feedstock, while introducing degradable properties that can decrease 
the negative consequences associated with disposal of non-degradable plastics in 
landfills.  Biomass can be utilized as an abundant source of plant material, vegetation, or 
agricultural waste used as a fuel, energy or biopolymer source.  The development of 
renewable resource polymeric materials from biomass can be accomplished through 
many different arenas which have led to exploratory research utilizing natural polymers, 
biopolymers and polymers obtained through polymerization of naturally occurring plant 
derived compounds.5-9  Under this umbrella, microbially synthesized polymers produced 
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from microorganisms such as poly(β-hydroxyalkanoates), polymers obtained from 
polymerization of natural monomers such as poly (lactic acid) and natural oils and waxes 
have received significant contributions and research focuses.   
Naturally occurring polymers such as polyamides, glycoproteins, chitin/chitosan, 
polysaccharide based polymers are also known as natural polymers derived from both 
plant and animal resources and have also achieved attention as potential renewable 
resource replacements for petroleum derived products.  The properties and applications of 
renewable resource polymers, particularly polylactide, has been the subject of many 
articles, books and reviews and interested readers can find extensive and comprehensive 
literature on background information.5-10,15  However, there is still a constant need to find 
innovative ways to increase the applicability of green materials through modification of 
existing technologies.  The following chapters’ focuses on new directions for the 
renewable resource polymer, polylactide to promote sustainable plant based technologies 
in non-conventional applications.  The proposed projects will merit the exploration of 
chemically green functional materials, and encourage innovative alternatives towards 
reducing the dependence on unstable petrochemical feedstock. 
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CHAPTER TWO 
AN IN-DEPTH PERSPECTIVE ON POLYLACTIDES 
 
Introduction 
As one of the leading renewable resource polymer systems, polylactides have been 
actively investigated for a wide range of applications including biomedical, 
pharmaceutical, and plastic/packaging.  The first reports on the syntheses of polylactide 
were acknowledged in the early 1900’s by the well known polymer chemist, Wallace 
Carothers (Figure 2.1).10  However, this early reported technology produced relatively 
low molecular weight polymers with poor mechanical properties.  In the 1950’s, further 
research was done to improve on properties and Dupont patented a technology that 
enabled high molecular weight polymer production.11  During this time, reported 
properties such as hydrolytic stabilities limited its viability in many targeted applications.   
 
 
In the 1970’s, the promise of polylactide as a renewable resource material was 
reopened.  The use of polylactide as a medical bioresorbable suture introduced by 
Ethicon enables its application in medical and drug delivery fields.12  Due to high 
 
 
Figure 2.1. Structure of poly (lactide) 
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production costs, polylactide has not achieved widespread marketability that would 
enable it to compete more vigorously with petrochemical derived resources.  Cargill 
Dow, in 1994 launched a joint venture that developed a polylactide technology which 
enabled reduction of high production cost effects and thus made it more amenable to 
serve as a sustainable and renewable replacement for petroleum derived polymers.  The 
research employed by Cargill allowed for the viability of polylactide, not only as a 
specialty polymer but a marketable commodity material in plastics and other fiber and 
film applications.  In remaining years, a variety of companies have patented technologies 
based on polylactide or poly (lactic acid) production.13  Some of the current producers of 
Polylactide technology are listed in Table 2.1.    
 
 
 
 
 
Table 2.1. Some Current producers of Lactic acid and Polylactide13
Company Name Location 
BASF Aktiengesellschaft Germany 
Bio Invigor Taiwan 
Cargill-Teijin (NatureWorks) U.S.A. 
Galactic-Total Petrochemicals (Futerro) Belgium 
Hycal B.V. Netherlans 
IBEK AG Germany 
Mitsui Chemicals Japan 
Musashino Chemical Laboratories Japan 
Phusis France 
PolySciences Inc. U.S.A. 
Purac Biochem Netherlands 
Toyota Motor Corporation Japan 
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Structure and synthesis 
Polylactides are linear aliphatic thermoplastic polyesters that are synthesized from 
lactic acid typically derived from the fermentation of corn using suitable microorganisms 
such as Lactobacilli.14    Lactic acid is a simple hydroxyl acid with an asymmetric carbon 
center and therefore exists as two optically active configurations, the L- and D- 
enantiomeric forms.  The L- and D- form of lactic acid is differentiated by their effect on 
polarized light, with the plane rotating clockwise (dextrorotation) for the L- isomer and 
the plane rotating anti-clockwise (laevorotation) for the D- isomer.  Lactic acid was first 
isolated in the 1780’s from milk by Scheele and produced commercially in 1881.15  The 
cyclic dimerisation of lactic acid by condensation can lead to three distinctive forms of 
lactide consisting of two asymmetric carbons (lactoyl lactic acid), L-, D- and meso-lactide 
(Scheme 2.1) and was first reported in 1845 by Pelouze.16    
 
Scheme 2.1. Different forms of lactic acids and lactides16
 
 
s R 
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The stereoisomers can determine the thermal, mechanical and biodegradation 
properties of the resulting polylactide polymers dependent upon choice and distribution 
in the polymeric chains.  The polymerization of L- or D-lactic acid (or L- or D-lactide) 
can form isotactic polylactides which are semi-crystalline, while a mixture of both forms 
of L- or D-lactic acid or meso-lactide can form atactic polylactide, which is amorphous 
with alterable properties. 
 
Syntheses 
Generally, there are four methods to producing high molecular weight Polylactides 
(Scheme 2.2).17  Starting from starch, enzyme hydrolysis yields glucose which undergoes 
a fermentation process that produces up to 1.8 moles of L-lactic acid for every mole of 
glucose, lactic acid can then be employed in four different routes to produce polylactide. 
The polymerization of high molecular weight polylactide (prepared from ring opening 
polymerization of lactide) or poly (lactic acid) (prepared by polycondensation) typically 
requires high purity of monomers. As impurities can interfere with the course of the 
reaction and/or subsequently act as initiators that can lead to chain transfer or 
transesterification reactions, increased rates of initiation, thus lowering molecular weight, 
increased polydispersities and reduction of advantageous properties of the resultant 
polymer.  These limitations tend to restrict the use of some synthetic routes.  
 11
 
One of the first methods towards synthesis of poly (lactic acid) involved the direct 
polycondensation of lactic acid in the presence of catalysts at reduced pressures.18  
However, this pathway is limited due to typical drawbacks of a step growth mechanism, 
where difficulty removing trace amount of water in late stages of polymerization can 
result in low molecular weight and poor stereocontrol in polymer formation.  
The second route involves the use of oligomeric poly(lactic acid) formed from direct 
polycondensation to form high molecular weight PLA by using chain coupling agents.  
The chain coupling agents can react with either the hydroxyl or carboxylic end group of 
the PLA oligomer to further increase the polymer chain length.  Some examples of chain 
extending or chain coupling agents used in the synthesis of high molecular weight PLA 
Scheme 2.2. Various synthetic routes towards the synthesis of high molecular weight 
PLA.17 
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include isocyanates19,20, acid chlorides21,22, anhydrides23,24, and epoxides25.  The 
disadvantages associated with these routes are that homopolymers cannot be obtained, 
residual metal or polymer impurities may be left in the resultant polymer, the coupling 
agents may not be biodegradable or bioresorbable and the final polymer can still contain 
small amounts of unreacted coupling agents.  
On the other hand, azeotropic dehydrative distillations can be used to obtain high 
molecular weight PLA without the use of coupling agents and homo- and copolymers of 
lactic acid can be formed with the use of solvents and catalysts.   This process has been 
employed by Mitsui Toatsu Chemicals Inc. in Japan and leads to efficient removal of 
water that shifts the equilibrium of the reaction towards polymer formation.17   However, 
its use of high catalyst loadings and solvent requirements limits this method for optimal 
large-scale production of PLA.    
The most versatile and widely used method for production of high molecular weight 
PLA is the ring opening polymerization of lactides (cyclic dimers of lactic acid).  This 
method offers structure control, high catalytic activity with low loadings, low levels of 
racemization and solvent free conditions.  Lactides are prepared by depolymerization of 
oligomeric poly(lactic acid) typically at high temperatures and low pressures to give a 
mixture of D-, L- or meso stereoforms, where the mixture ratios can be altered depending 
upon isomer feedstock, temperature and catalyst.  A wide variety of catalyst/initiator 
systems have been employed for the ROP of lactides and thus are classified into four 
different types of mechanistic pathways and/or initiator types: anionic polymerization,26-
 13
28 cationic polymerization,31-33 coordination-insertion mechanisms51-53 and enzymatic 
polymerization36,37 (Table 2.2). 
 
Towards the development of efficient polymerization conditions for polylactide 
polymers, exhaustive efforts have been placed on designing catalysts/initiators with high 
reactivity, selectivity, molecular weight and topology control.  Anionic polymerization 
has been applied for the ring opening polymerization of lactides and has been achieved 
including the use of a variety of metal alkoxides,26,27,28 phosphazene bases29 and 
bredereck-type30 reagents.  The anionic ROP is typically initiated when the nucleophilic 
anion of the initiator attacks the carbonyl group of the lactide, resulting in the cleavage of 
the carbonyl carbon and the endocyclic oxygen bond; subsequently this oxygen becomes 
the new anion, which continues to propagate leading to polymer formation (Scheme 
2.3).26 Strongly basic nucleophiles can have an adverse effect where they tend to 
deprotonate the monomer which can lead to racemization and back biting reactions 
resulting in a decrease in the polymers’ properties.   
Table 2.2. Mechanistic pathways for ring opening polymerization of lactides. 
Mechanistic pathway Example Authorref 
Anionic ROP Bredereck-type reagents Csihony et al.
30 
Cationic ROP 
Aluminum 
aminophenolate 
complex 
Dagorne et al31 
Coordination-Insertion ROP amino-alkoxy-bis(phenolate) yttrium Carpentier et al
54 
Enzymatic ROP 
lipase PS 
(Pseudomonas 
fluorescens 
Albertsson et al41 
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In cationic ring opening polymerizations, alkylating, acylating, lewis and protic acids 
have been used towards the synthesis of a variety of polymers.31,32,33  For example, 
Bourissou and coworkers have shown that trifluoromethanesulfonic acid and protic 
initiators can be used in cationic ROP towards poly(lactic acid) formation with molecular 
weights up to 20 000 Mn.34  The proposed mechanistic pathway begins when the 
exocyclic oxygen on the carbonyl is alkylated or protonated depending upon the initiator 
species, resulting in electrophilic activation of the O-CH bond.  This bond is then cleaved 
by nucleophilic attack of another monomer or triflate anion species to create another 
electrophilic carbenium ion which is repeated in every propagation step until a 
termination step occurs (Scheme 2.4).  Due to the nucleophilic substitution occurring at 
the chiral center, higher temperatures tend to cause racemization, which can alter the 
physical and mechanical properties of polylactide.  At lower temperatures, the rate of 
polymerization is slow and only yields low to moderate molecular weights, which limits 
the use of this mechanism. 
Scheme 2.3. Proposed route for anionic ring opening polymerization mechanism for L-
lactide.26 
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The third method that has shown use towards the development of lactide based 
polymers is enzymatic polymerization.  Enzymes play important roles in many life 
processes, such as metabolic reactions, signaling, genetic information translation and 
energy transduction.35  The use of enzymes has attracted considerable attention due to the 
non-toxicity, high selectivity, high activity and ability to operate under mild conditions. 
 Significantly, enzyme polymerizations of a wide variety of lactones have been 
investigated, with the majority employing enzymes from the lipase family.36  Lipases 
belong to the family of serine hydrolases and are found in animals, plants and bacteria.37  
The use of lipase enzymes have been utilized in biocatalysis, kinetic resolution of 
enantiomers, ring opening polymerizations, esterification and transesterification 
reactions.38  Recently, a wide variety of groups have reported polyester synthesis from 
lactones including L-lactide using lipase catalyzed reactions.39-44   
Scheme 2.4. Proposed mechanistic route for cationic ring opening mechanism31-33 
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The scope of lipase catalyzed polymerizations has been developed further by Gross et 
al, Albertsson et al and Matsumura et al.  Their combined work has utilized the high 
activity of lipases to form polyesters under mild conditions with good stereocontrol and 
reasonable to good molecular weights.  For instance, Gross et al has reported the 
synthesis of polycaprolactone and poly (ω-pentadecalactone) with Mn of 29 400 and 43 
100 and polydispersities of 1.5 and 1.9, respectively.39   Furthermore, Gross has also 
shown the utility of lipase enzymes immobilized on epoxy-activated microbeads to 
promote polyester synthesis of a variety of polyols and show significant molecular 
weights of up to 48 000 Mn even after three cycles of catalyst regeneration.40   
Enzyme catalyzed ring opening polymerization of linear and branched polylactides 
using a variety of multifunctional hydroxyl initiators were reported by Albertsson et al 
using lipase from Pseudomonas fluorescens (PS).  Molecular weights up to 30 300 Mn 
with polydispersities of 1.2 were reported for L-lactide polymerization using 
polyglycerine initiator containing multiple OH groups.41  Albertsson et al. has also 
synthesized copolymers of Є-caprolactone and 1,5-dioxepan-2-one using sequential ring 
opening polymerization and transesterification pathways with lipase from Candida 
antarctica (CA).  Molecular weights and polydispersities of up to 53 000 Mn and 1.5, 
respectively were obtained under solvent free conditions and low temperatures.42   
While many reports have described the catalytic nature of enzymes on ROP of 
lactones, L-lactide homo-polymerization has been the least successful in obtaining 
reasonable to high molecular weight polylactide in practical times.  In an earlier study, 
Matsumura et al reported using 10% by weight of lipase PS relative to L-lactide, an Mw of 
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48 000 was obtained after 7 days.43  A recent study exploring the mechanistic pathway of 
lipase catalyzed polymerizations of lactones has been done by Kobayashi et al. It was 
suggested that the polymerization mechanism involves an acyl-enzyme intermediate 
which involves a monomer activated mechanistic pathway (Scheme 2.5).44   
 
It is interesting to note that a variety of organocatalysts have been explored utilizing 
the same monomer activated mechanistic pathway.  For example, the use of n-
heterocyclic carbenes (NHCs) and thioureas have shown catalytic activity towards the 
ring opening polymerization of lactides.45, 46, 47,48  Hillmyer et al has shown the utility of 
the commercially available 1,3,4-triphenyl-4,5-dihydro-1H-1,24-triazol-5-ylide (NHC 
derivative) to synthesize complex macromolecular architectures of polylactide using 
Scheme 2.5.  Schematic of serine hydrolase mechanism of lipase enzyme with lactone 
monomer. 38,44 
O O
Asp
N NH H
O
His Ser
+
C O
O
(CH2)m
O OH N N O
O
(CH2)m OHH
Asp His Ser
O OH N N O
O
(CH2)m OHH
Asp His Ser
+          ROH
O
(CH2)m OHRO
Acyl active enzyme intermediate
+ enzyme
O OH N N O
O
(CH2)m OHH
Asp His Ser
Acyl active enzyme intermediate
O
(CH2)m OHRO+
O
(CH2)m ORO Hn
 
 18
tetra-amine functionalized polyethylene oxide macroinitiators.49  Wade et al have 
demonstrated the use of phosphazene bases, for example, 2-tert-butylimino-2-
diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP)50 for the living ring 
opening polymerization of lactide and other cyclic esters with narrow polydispersities 
and controlled end group functionality. 
Due to the long reaction times and low to moderate molecular weights obtained from 
enzymatic polymerizations of lactide, the most utilized and versatile method of choice for 
ring opening polymerization is that of the coordination-insertion mechanism typically 
employing metal alkoxides.51-53    In this mechanistic pathway, the lactide can coordinate 
with the metal atom by the carbonyl oxygen atom, which then enhances the 
electrophilicity of the C-O group and the nucleophilicity of the OR group so that an 
insertion can occur.  Several reports of very active metal based catalysts have been 
undertaken and show excellent initiation for the polymerization of lactides.  Typical 
initiators of this mechanism have been tin, aluminum, zirconium, magnesium and 
titanium alkoxides.   
Most recently, synthesis and design of a variety of inorganic complexes such as salen 
aluminum (III) alkoxides,51 heteroscorpionate alkyl zinc complexes,52 and magnesium 
ketiminate ligands53 have been reported.  Zhou and coworkers have shown that the 
diasterioselectivity of the ring opening polymerization of rac-lactide is dependent upon 
the solvent, the ROH initiator and the chirality of the salen ligand.51  Carpientier et al 
reported the design of amino-alkoxy-bis (phenolate yttrium systems that exhibited high 
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catalytic activity in the presence of alcohol initiators at 20 °C for the ring opening 
polymerization of rac-lactide with molecular weights up to 144 000 Mn.54  
While there are myriad efforts towards the design of functional metal catalysts for the 
coordination-insertion mechanism of ring opening polymerization of lactides, tin 
catalysts such as tin bis-2-ethyl hexanoate acid (tin octoate) are preferred due to their 
high catalytic activity, low rate of racemization and good solubility in molten lactide. 
Conversions of greater than 90% with very high molecular weight can also be achieved.  
In exploring the mechanistic route of tin octoate catalyzed ring opening polymerization of 
lactide, there have been disparate views on the proposed pathways for formation of 
polylactide, namely, cationic polymerization and coordination insertion mechanism.   
One of the first proposed mechanistic routes involving tin octoate catalyzed ring 
opening polymerization was the cationic polymerization mechanism reported by 
Pennings and coworkers (1992),55 wherein due to the coordination of the lactide carbonyl 
to the free p or d orbitals in the Sn (Oct)2 complex, the lactide/Sn complex will have a 
cationic character as shown in Scheme 2.6.  
Scheme 2.6. Proposed resonance structures of the lactone/Sn+ (Oct) complex by 
Pennings et al.55 
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The polymerization then proceeds with nucleophilic attack of the ROH group with the 
electrophilic activated lactide/Sn complex at the carbon of the carbonyl group, which 
then undergoes mechanisms similar to that of transesterification reactions (II-V).  The 
species VI can then complex with another lactide monomer forming species I with the R 
group being the growing polymer chain.  In this mechanistic pathway, it is speculated that 
the catalyst is not covalently bound to the growing chain end and thus can switch from 
one chain end to another, resulting in low catalyst loadings increasing the molecular 
weight of the polymer (Scheme 2.7). 
 
 
Scheme 2.7.  Proposed cationic mechanism of Sn (Oct)2 lactone complex by Pennings et 
al.55 
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Another mechanism for the cationic polymerization mechanism of tin octoate 
catalyzed ring opening of lactide was reported by Vert et al56 (1997) and speculated that 
polarization of the lactide carbonyl bond occurs by interaction with tin octoate and a 
proton causing formation of a carbocation, followed by a cyclic intermediate involving 
the ethylhexanoic acid as coinitiator (Scheme 2.8).  Another proposed mechanism 
assumes the pathway proceeds through an activated monomer mechanism.  They 
speculate that there is a ternary complex formed between that of the Sn (Oct)2 catalyst, 
the alcohol and the monomer of which initiation and propagation begins with liberation 
of the intact Sn (Oct)2 complex (Scheme 2.9).57   
 
Scheme 2.8. Proposed cationic mechanism by Vert et al.56  
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The previous report also supported a mechanism that was to be considered for 
polymerizations not containing an initiator i.e. ROH groups, however it has been shown 
that it is practically not possible to remove all OH functionalized impurities that can act 
as an initiator in the system.  Their studies suggest that an anhydride is formed and 
propagation proceeds through the Sn-alkoxide bond when no co-initiator is present, yet 
speculate that this is a minor reaction as the formation of the anhydride is unfavorable 
(Scheme 2.10).54   
 
Further studies by Penczek et al58  and Kricheldorf et al59 have discounted both 
cationic pathways and other proposed routes as the mechanistic route towards polymer 
formation using tin octoate.  Their reasons include that in the presence of strong bases, 
protons could not survive in the mechanism proposed by Vert et al. Also, in cationic 
Scheme 2.10. Proposed route to direct reaction of Sn (Oct)2 with lactide54 
 
Scheme 2.9.  Proposed route of activated monomer mechanism for ROP of lactide57
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polymerizations it is speculated that high levels of racemization occurs at temperatures 
over 50 °C, whereas optically pure PLLA can be synthesized using tin octoate as catalyst.  
Penczek and coworkers have supported this claim in detailed reports that suggests that 
the mechanism proceeds via a coordination-insertion pathway.  Extensive MALDI and 
NMR studies further confirm that the Sn (Oct)2 reacts more favorably with alcohol 
groups (ROH) than with lactide, and this chemical change is the true initiator for the ring 
opening polymerization.55   
Additional reports were published supporting this claim using extensive 
characterization methods.60,61  The most generally accepted mechanism proceeds by 
coordination of the alcohol initiator with the tin catalyst to yield the alkoxide species and 
the free acid, a second coordination with another alcohol initiator yields the tin bis-
alkoxide species and a second equivalent free acid. Addition of the alcohol and 
subsequent ring opening of the lactone yields the first active propagating center that can 
continue to propagate with more lactide units to form high MW PLA. Deactivated chains 
ends can occur through unreacted alcohol initiator or hydroxy chains ends generated in 
situ (Scheme 2.11). 
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Scheme 2.11. Proposed route to coordination-insertion mechanism60,61  
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Properties 
The development of strategies for the syntheses of polylactide polymers, i.e. efficient 
catalysts, macromolecular architectures and structure/property relationships have been 
extensively studied and the properties of these polymers can play an important role in its’ 
applicability in various markets for lactide based products.   The physical properties are 
determined by the chemical structure (the repeat units), end group functionality, 
molecular architecture (i.e. tacticity, configuration and conformation differences, and 
stereochemistry), molecular weight and molecular mass distribution and residual catalysts 
(particularly in bio-interface properties).62    
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As mentioned earlier, polylactides are either amorphous or semicrystalline at room 
temperature due to the stereochemical makeup of the backbone and as a result can have 
different thermal properties.  PLA polymers obtained from L- or D- lactides are generally 
semicrystalline, with melting temperatures ranging from 170-190 °C but have been 
reported as high as 207 °C with glass transition temperatures ranging from 50-65 °C 
using differential scanning calorimetry (DSC) techniques.63,64   
DSC is a thermoanalytical technique used to study the thermal properties (i.e. the Tg, 
Tm and Tc) of a polymer.65  It measures the heat flow necessary to preserve a zero 
temperature differential between an inert reference material and the polymeric sample. 
The DSC thermogram would then show the change in heat capacity of the sample as a 
function of temperature. The fundamental principle for this method is that the sample will 
undergo a physical transformation as a function of temperature and dependent upon 
whether the transition process is endo- or exo-thermic, more or less heat will be required 
to maintain the equilibrium of temperature between the reference material and polymer 
material.65  By monitoring the disparity in heat flow between the polymer sample and 
reference material, DSC is able to quantify the amount of heat taken up or released during 
the phase change transitions.  
For semicrystalline polymers, there are typically three observed transitions in the 
DSC thermogram.66  The glass transition (Tg), is observed at the temperature at which the 
amorphous component of the polymer sample undergoes a change from a more glassy, 
brittle and rigid state where there is little segmental motion to a more rubbery, elastic-like 
state.  The crystallization temperature (Tc) is the temperature at which the polymer chains 
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have enough freedom of motion so that they can align themselves into a crystalline 
formation. The melting point temperature (Tm), is the range where the lattice stabilization 
energy is overcome and segmental motion of the crystalline segment of the polymer 
occurs (figure 2.2). 
 
A 50:50 mixture of pure D- and L- lactide (racemic or D,L-Lactide) can yield a 
crystalline stereocomplex structure with a melting point of up to 230 °C and increased 
mechanical properties.67,68  The melt enthalpy (∆Hm) for 100 % crystalline PLA materials 
have been reported by various authors and can range from 93.7-203 J/g.  For pure slowly 
polymerized, highly crystalline poly (L-lactide), Pennings et al and Lin et al have 
reported values of up 100 J/g.69,70  The thermophysical properties of PLA can be altered 
dependent upon annealing or polymerization conditions, the amount of meso, D or L-
 
 
 
Figure 2.2. Example of DSC thermogram66 
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lactide incorporated or upon copolymerization with other comonomers.71,72  The values 
for selected thermal properties of polylactides are listed in Table 2.3. 
 
The extent of crystallinity and crystallization rate for PLA is also dependent upon its 
optical purity.  Based upon preparation and polymerization conditions, poly(L-lactide) 
has been reported to be crystallizable in the three different forms: the α-form which has a 
pseudo-orthorhombic unit cell with dimensions of a = 1.07 nm, b = 0.595 nm and c = 
2.78 nm,73 the β-form which has an orthorhombic unit cell, with dimensions of a = 1.031 
nm, b = 1.821 nm and c = .90 nm74 and the γ-form, formed by epitaxial crystallization 
which has a orthorhombic unit cell of dimensions a = .995 nm, b = 0.625 nm and c = .88 
nm.  The α-form is reported to be the most stable.   
The crystallization of PLA has been extensively investigated and the fastest rates for 
spherulitic growth are observed to be around 110-130 °C.75, 76, 77  Runt et al has measured 
a spherulitic growth rate at 125 °C to be 4.0 for pure PLLA, 2.0 % and 0.8 % for meso-
containing PLLA of 3 and 8 % meso-lactide in the polymer, respectively.78  Kolstad also 
Table 2.3. Selected thermal properties of polylactides 
                                         PLLA,PDLA / PDLLA 
Properties Value Units References 
Melting 
Temperature (Tm) 170-183/230 °C Hyon
65 
Glass transition 
temperature (Tg) 
55-65/59 °C Ikada and Tsuji66 
Heat of fusion for 
100 % crystalline 
PLA 
135-203 J/g Fisher et al, Pennings et al and Lin67,68, 
Degree of 
crystallinity (Xc) 0-47 % Reed
63 
Decomposition 
Temperature (Td) 235-255 °C Engelberg and Kohn
70 
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found that the crystallization half-time of poly (L-co-meso-lactide) increased 
approximately 40 % for every 1 wt% increase of the meso-lactide.75   
Several authors have reported on crystallization kinetics and nucleation parameters of 
polylactides.64,76,77,78 For example, Vasanthakumari et al reported the nucleation 
parameters for PLLA crystallization using non-isothermal analysis and showed that 
spherulitic growth rate was dependent upon molecular weight.79  Kalb and Pennings have 
reported on the isothermal crystallization kinetics using optical microscopy, where they 
observed negative birefringent spherulites that they attribute to the fact that molecular 
chains are oriented orthogonal to the center of the spherulites.64   
Cantow and coworkers investigated isothermal crystallization kinetics using standard 
Differential Scanning Calorimetry (DSC) experiments, where they presented the Avrami 
parameters and enthalpies of crystallization of PLA using the Avrami equation.80  More 
recently, the crystallization of ultrathin films of PDLA and PLLA films were investigated 
using atomic force microscopy and transmission electron microscopy (TEM) by 
Prud’homme and coworkers.81  Their observations showed a correlation between the 
molecular chirality of the polymers and their macroscopic behavior.  Under forced 
nucleation techniques, PLLA edge-on lamellae showed an S-shaped curvature whereas 
the PDLA polymer films showed Z-shaped lamellae.   
 
Optical and spectroscopic properties 
Optical properties such as light barrier values82, refractive indices83 and optical 
rotation83,84 of PLAs have been investigated to determine its use in plastics and packaging 
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applications.   The specific optical rotation for PLLA and PDLA was calculated by Vogl 
et al. and was reported to be +162±2° and +170±10° for PDLA and -165±2° and -
100±20° for PLLA in carbon-disulfide solutions and films respectively.84  Lower values 
of -153 and +156 for PLLA and PDLA in chloroform were reported by Tsuji et al.85  
Hutchinson and coworkers have reported that the refractive index of PLA decreases with 
increasing wavelengths using the Cauchy model.  A determined equation was given for 
the index of refraction of PLA as a function of wavelength where nPLA was reported as 
1.499-1.448 over light wavelengths of 300 to 1300 nm, and can be described by n(λ) = 
(1.445±0.00075)+(4892±143) nm2/λ2.81   
Other structure characteristics for PLA can be determined using infrared radiation, 
raman and nuclear magnetic resonance (NMR) spectroscopy.  NMR spectroscopy has 
been used to investigate the influence of the type of coordination catalysts and their effect 
on the stereochemistry of the chain structure, the configuration of lactic acid 
stereopolymers, the comonomer ratio in the polymers’ backbone and qualitative end 
group analysis.86   
For example, Thakur and coworkers determined the lactide stereoisomer composition 
that was incorporated into the polymer.  It was observed that the polymerization of D,L-
lactide proceeded in a syndiotactic manner, with the preference decreasing with 
increasing extent of polymerization.87  Additional proton and carbon NMR studies on 
polylactides have been reported and used to determine the microstructural assignments 
for the different stereoisomers.88,89,90  IR and Raman spectroscopy are valuable tools in 
analyzing individual groups of atoms focusing on their vibrational modes and the 
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molecular excitation from the ground state to the excited state, respectively.88,90  Both 
techniques can also analyze the polymer conformations associated with chain rotation. 
Infrared radiation spectroscopy of PLA polymers has been determined and gives 
absorption bands associated with the functional groups and linkages in the polymer 
backbone (Table 2.4).   
 
FTIR studies have been used for studying effects on morphology, crystallization, 
configuration and conformation of resultant polymers and for studying the extent of 
polymerization in a reaction. Vert et al analyzed the changes associated with the position 
of δCH and symmetric δCH3 bending modes in poly (D,L-lactide) and poly (meso-
lactide).91 The crystallization of PDLA and its stereocomplexes were investigated using 
2D FTIR by Tangboriboonrat et al.92  Changes associated with the carbonyl bonds are 
noted and revealed that dipole-dipole interactions play a role in the crystal induced 
formation of PDLA and its stereocomplex.92   
Table 2.4. Infrared spectroscopy data-peak band assignments for PLA89,90 
Assignments Vibration Band position cm-1 
-OH Stretch (free) 3571 
-CH- Stretch asymmetric 2997 
-CH- Stretch symmetric 2946 
-CH3 Bend 1456 
-CH- Deformation asymmetric 1365 
-CH- Deformation symmetric 1382 
-C=O- Carbonyl stretch 1748 
-C-O- Stretch 1194,1130,1093 
-OH Bend 1047 
-CH3 Rocking modes 956,921 
-C-C- Stretch 926,868 
Crystalline phase - 755 
Amorphous phase - 869 
 31
Lactide conversion as a function of time was calculated using the FTIR method by 
Dec et al. and showed good correlation with polymerization kinetic studies and detailed 
model studies i.e. strong agreements and linear relationships obtained with conversions 
higher than 75 %.  Raman spectroscopy has also been used to determine the crystallinity 
of racemic, and semicrystalline polylactide by the carbonyl (C=O) stretching regions.89,93    
  For instance, Vert et al. showed the use of Raman spectroscopy to detect the 
different conformations and tacticities of amorphous stereocopolymers of polylactides.94 
A summary of the absorption peaks from Fourier transform infrared spectroscopy, 
detailed carbon and NMR spectroscopy and raman spectroscopy data for PLA is listed in 
Table 2.4, 2.5, and 2.6 respectively. 
 
Table 2.5. 1H- NMR and 13C-NMR spectroscopy- data-peak band assignments for 
PLA85,86 
1H NMR 
Assignments Structure Chemical Shift (ppm) /peak multiplicity 
Hydroxyl proton OH 7.30/singlet 
Methine proton CH 5.20/multiplet 
Methyl Proton CH3 1.55/doublet 
13C NMR 
Methyl carbon CH3 16.7-17.3 
Methine carbon C-O 67.1-69.9 
Carbonyl carbon C=O 168.9-169.3 
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Thermo-physical properties 
The physical properties of polylactides are determined by the chemical nature of the 
units, the molecular architecture, the molecular mass distribution as well as 
crystallization, morphology and degree of chain orientation. An important parameter for 
the determination of the physical properties of PLA is the glass transition temperature 
(Tg) and melting temperature (Tm).  At the Tg, the amorphous and semicrystalline PLA 
polymers can change from a hard elastic, brittle state to a rubbery or liquid state, 
therefore leading to a shift in the physical properties.   
Table 2.6. Raman spectroscopy frequencies assignment for polylactide90, 91. 
Assignment Raman Shift (cm-1) 
Asymmetric CH3  stretch 3000 
CH3 symmetric stretch 2947 
CH3 symmetric stretch 2881 
C=O stretch 1776 
C=O stretch (amorphous) 1770 
C=O stretch 1750 
CH3 inplane asymmetric wagging 
(bending) 1452 
CH3 in plane symmetric wagging 
(bending) 1386 
CH wagging (bending) 1361 
CH in plane bending 1300 
OCO ester group stretching 1218 
OCO stretching 1181 
CH3 in-plane bending 1128 
OCO stretching 1091 
C-CH3 stretching 1043 
CH3 out-of-plane bending 923 
C-COO stretching 873 
C=O deformation 411 
C=O deformation 397 
CH3 out of plane bending 209 
CH3 out of plane bending 160 
CH3 out of plane bending 123 
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For high molecular weight amorphous polylactide, brittleness occurs below the β-
relaxation temperature, Tβ, as shown in Figure 2.3.  Between the Tβ and Tg the polymer 
exhibits creep deformation and undergoes physical aging.  In the transition between 110 
and 150 °C, the materials properties can change dependent upon molecular weight and 
shear stress from a rubbery to a viscous state, followed by decomposition which normally 
occurs between 215-285 °C.95   
 
For semicrystalline PLA, the different physical properties are associated with both the 
processing conditions and stereochemistry of the polymer.  The amount of meso-lactide 
incorporated into the polymer decreases the melting temperature of the polymer and has 
been shown by Witzke to follow the equation: Tm (°C) ≈ 175 °C – 300 Wm where Wm is 
the fraction of meso-lactide and 175 °C is the melting temperature of 100 % Poly L-
lactide.92  The metastable states of high molecular weight semicrystalline PLA are shown 
in Figure 2.4.   
Between the Tβ and Tg, the polymer exhibits a brittle nature due to amorphous ageing. 
The polymer becomes rubbery in the temperature range of 58 -150 °C, and then becomes 
a viscous liquid thereafter.  Decomposition typically occurs between 215 °C and up, 
dependent upon molecular weight and crystallinity variations.  The changes in molecular 
-45oC        -58 oC 110, 150 oC 215-285 oC
(Tβ)          (Tg)
 
Figure 2.3. Metastable states of amorphous polylactide adapted from Witzke95 
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weight and crystallinity can result in PLA polymers exhibiting a wide range of hardness 
and stiffness values.   
 
Other important physical properties of PLA are its density, surface energy, refractive 
indices, solubility parameters and permeability.  The density of amorphous and 
semicrystalline PLA has been reported as 1.25 and 1.29 g/cm3 respectively.  Dependent 
on the synthetic conditions (ring opening polymerization of lactide vs. polycondensation 
of lactic acid), small variations can occur in the density calculations.96  The solubility 
parameters (δ) for polylactides were measured to be around 10.3 cal0.5 · cm-1.5.17  
 Kharas et al. has shown polylactides to be soluble in dioxane, acetonitrile, 
chloroform, methylene chloride and dichloroacetic acid and not soluble in water, alcohols 
and alkanes.97  The surface energy, which is directly related to the intermolecular tension 
and expressed in J·m-2(N·m-1) can be modified depending upon processing conditions and 
post treatments such as flame, corona discharge and ozone treatments.   For PLA, 
Biresaw et al has reported surface energy values of 35.9-43.9 mN/m depending upon 
processing conditions using room temperature wettability experiments.98   
Gas permeation properties of PL A have also been investigated due to its use in fiber, 
film and packaging applications.  The transport of gases such as oxygen through the 
-45oC       58-70 oC 130-170 oC 215-285 oC
(Tg)                                (Tm)
 
Figure 2.4. Metastable states of semicrystalline polylactide adapted from Witzke92 
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polymer sample is important in a variety of applications where leaching or possible 
contamination can be an issue.99  For example, the loss of carbon dioxide from PLA 
plastic bottle for sodas can result in decrease in carbonation.  PLA is a relatively poor 
barrier to water vapor and CO2, however its water-vapor transmission rate is relatively 
high compared to that of polyethylene, polypropylene and polyvinylchloride.100  Carbon 
dioxide and oxygen permeation of PLA was reported to be 1.76 x 10-17 kg·m/m2·s·Pa and 
an activation energy of 6.1 and 3.3 x 10-17 kg·m/m2·s·Pa, respectively with an activation 
barrier of 11.1 kJ·mol-1 by Lehermeieir and coworkers.101    
Water vapor transmission rates were also measured by Shogren for both crystalline 
and amorphous PLA.102 For amorphous PLA, a water transmission rate of 172 g/m2/day 
was reported, while for crystalline PLA, a rate of 82 g/m2/day was determined.  There 
remain variations in the permeation results of polylactides as different methods and 
models have been proposed and discarded.  Yet, the overall calculations have small 
effects on the permeation properties.103 
 
Rheological and Mechanical Properties 
The rheological properties of polymers are important due to the effect they have in 
the thermal processing conditions of injection molding, extrusion, film blowing, fiber 
spinning and thermoforming.104  The key concepts in rheology that play important factors 
are viscosity, elasticity and moduli.  Equations and constants have been developed to aid 
in achieving the optimal processing conditions that can relate the key concepts to the 
molecular weight and functionality of the polymers.  Some of the most important 
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parameters derived for polymers are the Mark-Houwink equation, the entanglement 
molecular weight, the melt flow index and the characteristic ratio. 
Polylactide polymers have undergone extensive rheological characterization to 
determine its usefulness as a thermoplastic material in a variety of applications.105, 106, 107, 
108, 109, 110, 111, 112  The rheological properties are dependent upon PLA’s molecular weight, 
enantiomeric purity, moisture content and molecular entanglement. Dorgan and 
coworkers have shown a decrease in both the complex viscosity and the loss and storage 
moduli of linear PLA vs. branched PLA and the addition of stabilizers can reduce both 
the viscosity and the thermal degradation of PLA.101   
Wang et al have shown that the dynamic shear moduli increased with decreasing 
content of D-lactide in PLA and the crystallization rate also increased as enantiomeric 
purity increased.102  Certain reports have shown inconsistencies with the determinations 
of Mark-Houwink constants and characteristic ratios, due to differences in the assumption 
values for the derived equations.113  The most commonly accepted values of constants for 
PLA are listed in Table 2.7. 
 
Table 2.7. Rheological parameter constants for PLA 
Sample Property Value Units Reference 
PLLAa Mark-Houwink Constant, [η]b 5.45 x 10-4 - Tsuji and Ikada109 
PDLLAa Mark-Houwink Constant, [η]b 2.21 x 10-4 - Tsuji and Ikada109 
Linear PLLAa Mark-Houwink Constant, [η]b 4.41 x 10-4 -  
Branched PLLAa Mark-Houwink Constant, [η]b 2.04 x 10-4 -  
Linear PLA Molecular entanglement, Me 3949 g/mol Dorgan et al105 
Branched PLAc Molecular entanglement, Me 35,000 g/mol Lewis et al104 
PLLA Characteristic ratio, C∞ 11.8 - 
Pennings et 
al106 
aat 25 °C in chloroform; b Mark-Houwink equation, [η] = KMva; c(98:2::L:D) 4 arm star PLA
 37
The mechanical properties of PLA have also been comprehensively investigated and 
have been shown to be dependent on the stereochemical composition, molecular weight 
and degree of orientation of the polymer.  Table 2.8 lists the effects on stereochemistry, 
and orientation on the mechanical properties of various polylactide samples.  Perego and 
coworkers have shown that annealed samples of PLA have higher values of tensile 
strength, moduli and izod impact strength.114 Mechanical properties are found to decrease 
when tested up to and around the glass transition temperature except for annealed 
samples.   
Yu et al determined that annealing above the Tg increases crystallinity and polymer 
chain relaxation of the PLA samples, resulting in higher values for mechanical 
properties.115  The effect of orientation was also reported by Yu and found to increase the 
mechanical properties of PLA, similar to what was reported by Naitove.116  The 
mechanical properties of PLA have also been modified through the use of fillers and 
composites in extensive reports.17,117,118   
 
 
 
 
Table 2.8. Selected mechanical properties of PLA samples 
Mechanical 
Property Units 
L-
PLA 
Annealed 
PLA 
D,L-
PLA 
Unoriented 
PLA 
Oriented 
PLA 
Tensile Strength MPa 59 66 44 47.6-53.1 47.6-166 
Elongation to break % 7.0 4.0 5.4 3.1-5.8 15-160 
Yield Strength MPa 70 70 53 45.5-61.4 N/A 
Tensile Modulus MPa 3750 4150 3900 3447-4000 3889-4137 
Notched izod impact J/m 26 66 18 .3-.4 N/A 
Rockwell Hardness - 88 88 76 82-88 82-88 
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Degradation 
Degradation is an important factor for polymers when considering their relevance 
within plastic waste management, biomedical applications and other uses.  According to 
Albertsson and Karlsson, Degradation is defined as a gradual breakdown of material 
which takes place through the action of enzymes and/or chemical decomposition and may 
include abiotic reactions such as photodegradation, hydrolysis and oxidation processes.119 
Some of the main polymers that have been investigated as biodegradable materials 
include polyesters (poly (α-esters), polylactones), polyamides (hydroxylated nylon), 
polyethers (polyethylene oxide), polysaccharides (cellulose, starches), polypeptides and 
proteins.120 
 One of the key attributes of the polyester PLA is its ability to undergo biodegradation 
into non-toxic materials such as lactic acid, carbon dioxide and water.  Based on this, the 
degradation of Poly(lactic acid) has been widely investigated for biomedical purposes 
such as controlled drug delivery, surgical fixtures and for plastic packaging 
applications.121, 122  Gruber et al reported that PLA degradation occurs in two steps.  In 
the first step, the degradation proceeds primarily through hydrolysis processes leading to 
chain scission of ester groups in the polymeric backbone.  The second step involves the 
leaching of low molecular weight PLA out of the bulk sample which are can then auto 
catalyze further the ester hydrolysis processes.   
The degradation can be affected by numerous factors such as water diffusitivity, 
residual lactic acid concentration, the hydrolysis media i.e. pH, temperature, 
microstructure, and molecular weight and metal impurities.  The degradation event can be 
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physically described as an erosion process which results in the depletion of polymer 
material through dissolution and diffusion which depends on the processing of the 
material.   Dependent upon the conditions of the degradation process media, different 
mechanisms for the hydrolysis of PLA have been reported.123,124,125,126  Both chemical 
and biological mechanisms have been shown to have an affect on the PLA polymer 
degradation.  Table 2.9 shows the degradation of PLA under various environmental 
conditions reported by several authors.   
 
The enzymatic degradation of PLA has been studied with the effect of 
macromolecular content (blends and copolymers) and macromolecular design 
(microspheres, films and foams) on its mechanism.  Okamato and collaborators studied 
the effect of PLA foam structure and its enzymatic degradation using proteinase-K. The 
larger surface area of the foam enabled a faster degradation rate than that of the compared 
bulk sample.127  The effect of crosslinked polylactides on the biodegradation of PLA was 
reported by Tamada and coworkers.  They showed that biodegradation was considerably 
Table 2.9. Degradation mechanisms of PLA 
Degradation process Author Reference
Microbial-Soil Jarerat et al. 126 
 Tamada et al. 124 
Enzymatic   
     -proteinase-K Okamato et al 123 
     -amycolatopsis Tanaka et al. 125 
In vitro   
     -electrospun fibers Gupta et al 127 
      -microspheres Blanco et al 128 
Acidic Kissel et al 129 
Electron Beam Zhang 130 
Alkaline Kim et al 131 
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retarded as compared to non-crosslinkable samples using proteinase-K enzymes and 
under composting conditions, the proteinase K and other possible extracellular enzymes 
attached to the surface of the polymer and resulted in surface erosion, which enabled 
more degradation by hydrolysis.128   
The use of other enzymes have been studied to bring about the degradation of PLA, 
however the crystalline regions tend to limit the occurrence or onset of the 
biodegradation process.  Tanaka et al studied the production of a PLA degrading enzyme 
from the Amycolatopsis orientalis species and its efficiency for the degradation of PLA 
samples.129  They reported a significant increase in water soluble degradable products as 
compared to proteinase-K enzymatic degradable materials.   
The microbial degradation of PLA was investigated by Jarerat and Tokiwa.130  They 
noticed the effect of microbial degradation of solid and liquid cultures reporting that a 
more filamentous appearance of the degradation was noticed in the solid medium as 
compared to deep grooves appearing in the presence of the liquid media.  In vivo and in 
vitro degradation of PLA has also been extensively studied for biomedical applications 
such as surgical implants.   The pH of the medium for in vitro studies has shown 
significant effects on the degradation behavior of PLA. At lower pH, the degradation rate 
is observed to be at its maximum as observed by Gupta and coworkers.131  A range of 
different media and conditions have been investigated for their effects on PLA’s 
degradation.132,133,134,135   
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Modifications 
While PLA exhibits many advantageous properties and can be degraded into non-
toxic materials, its applicability in widespread markets are limited due to some of its 
intrinsic properties such as its poorly placed glass transition temperature (e.g. only 25-30 
°C above room temperature),  difficulty in controlling the hydrolytic stability and high 
viscosity under standard processing conditions.  To overcome these issues, polylactides 
have been modified through the use of copolymers, blends, composites and 
nanocomposites which can alter the properties dependent upon the end-use application.   
One of the most highly utilized forms of modification is copolymerization techniques.  
Copolymers of PLA have been tailored with various macromolecular architectures such 
as block,136,137,138 alternating,139 branched,41,140,141 graft142,143,144 and random145,146 with 
significant property alteration (Figure 2.5).  Polylactides properties have also been altered 
by controlling the ratio of enantiomeric content in the backbone of the polymer, thus 
affecting its crystallinity, melting temperatures and spherulitic growth rates.147  
Substituted polylactides have also been investigated to increase some of its 
thermophysical properties such as its glass transition temperature.  An excellent review 
on the substitution of the methyl group on polylactide with more sterically demanding 
groups and their effect on its glass transition temperature are discussed by G.L. Baker et 
al.148 
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A range of polymers have been copolymerized with PLA producing varied desirous 
properties and end use applications.  One of the first and highly utilized copolymers of 
PLA is with polyglycolides (PGA).  These materials have seen commercial use in a 
variety of medical and pharmaceutical applications and have been investigated 
thoroughly in the literature.149,150  For a drug delivery system, nanoparticles agglomerates 
of PLA-co-PGA copolymers were synthesized and shown to have significant absorption 
of ovalbumin, a protein therapeutic agent.  The PLA-co-PGA nanoclusters showed rapid 
release of the ovalbumin protein suggesting that this delivery system can be particularly 
useful as a quick response drug release therapeutic agent.145  Tissue engineering scaffolds 
 
 
Figure 2.5. Various macromolecular architectures of copolymers. 
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(an artificial structure capable which supports 3-dimensional tissue formation from 
seeded or implanted cells151) of PLA-co-PGA polymers were also tested for their ability 
to act as biodegradable dermal substitutes of skin and oral mucosa by MacNeil et al.152  
The polymers showed significant cellular regeneration and no unfavorable inflammatory 
responses in vivo.  
Other extensive publications detailing the synthesis, characterization and properties of 
polylactide copolymers include polymers such as poly (ethylene oxide) (PEO),134,153,154, 
polyethylene (PE),132,155 poly (ethylene glycol) (PEG),156,157,158 poly (Є-
caprolactone),159,160 polystyrene (PS),161,162 and poly (methyl methacrylate) (PMMA),163 
among others.  Other properties can be adjusted through the introduction of monomers or 
small molecules into the polymerization of lactide.   
For instance, the introduction of caffeic acid end-capped to PLA showed a thermal 
stability of 100 °C higher than that of the corresponding molecular weight PLA alone 
(scheme 2.12).  Both the melting and crystallization temperature also showed an increase 
of 10 °C higher than PLA alone, which was attributed to an intermolecular stacking of 
the caffeic acid end groups in the polymer.164  Lei and coworkers showed the effect of the 
incorporation of β-cyclodextrin (β-CD) polymers on the hydrophilicity and degradation 
of PLA gels.  The hydrophilicity of the gels increased with increasing β-CD content 
while the degradation rate decreased due to the higher cross-linked density of the 
cyclodextrin moiety.165  
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An alternative route to copolymerization techniques is the use of blending to enhance 
or alter PLA’s properties. Blending of polylactide with other polymers can be an 
inexpensive way to enhance the physical and mechanical properties of polylactide with 
chemical modification to the backbone.  Various groups have reported on the blending of 
PLA with a variety of polymers such as Є-PCL,166,167 poly (ester amide)s (HBP),168 poly 
(hydroxyl-butyrate)s (PHB),162,169 poly (butylenes succinate) (PBS),170 poly (ethylene 
oxide) (PEO),171 poly (propylene carbonate) (PPC)172 among others.   
Scheme 2.12. Synthesis of thermally stable 3,4-diacetoxycinnamic acid end-capped 
PLA.164 
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The effect of blending PLA polymers with different chiralities was investigated by 
Yuryev and coworkers.173  Both PLLA and PDLLA was blended with PDLA and shown 
to have an effect on the crystallization kinetics and the spherulitic morphology due to the 
presence of the smaller stereoocomplexes in the PDLLA, causing the spherulitic growth 
rate to be reduced.  The determination of the miscibility between two polymers is an 
important parameter for blending applications.   
Phase diagrams are useful because they provide insight to the miscibility and 
microphase morphology of the polymer blend.174  Phase diagrams can be used to describe 
the stability of the polymer blend and found to be dependent on composition and the 
chemical structure of the polymers.  Miscibility can be observed if the free energy of the 
mixture is negative and a gap is detected at the point where the composition causes the 
free energy to be positive.  Siesler et al have utilized FTIR spectroscopy for the detection 
of phase separation between polylactide and poly (Є-caprolactone) and poly(hydroxyl-
butyrate)s (PHB).162  FTIR images showed that at a 50:50 ratio of PHB to PLA, there was 
distinct phase separation resulting in a miscibility gap where the free energy of the 
mixture was not at the minimum. A 30:70 ratio of PHB to PLA showed a compatible one 
phase system. This study had good correlation with the FTIR spectra of the resulting 
blends.   
Blends of varying compositions of polylactide and polystyrene were investigated to 
increase the thermal and mechanical properties of PLA alone.175  The authors reported 
that the evidence of two glass transition temperatures in DSC studies suggested that there 
was immiscibility between the two polymers at varied ratios.  However, Gaikwad and 
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coworkers predicted that the presence of two glass transition temperatures does not 
necessarily mean an indication of immiscibility.  Using a self concentration model, 
correlation between the observance of two glass transitions in the corresponding blends 
of polylactide and poly (ethylene oxide) was in accordance.  Typically, if the two glass 
transitions are significantly distanced apart, two glass transitions can be observed even 
though the polymer blend is at equilibrium.166   
Yokohara and Yamaguchi have studied the effect of blending PBS and PLA 
polymers.165 The blending of PBS with PLA has shown an effect on the rheological 
properties of PLA alone. Under rheological conditions, the interfacial tension was 
evaluated and found to be 3.5 mN/m.  The addition of PBS enhances the crystallization of 
PLA, while also acting as a nucleation agent, forming crystallites during the quench 
processes under DSC conditions.   
Another viable method for polylactide modification is through the incorporation of 
inorganic/organic fillers, plasticizers and modifiers.  Nanocomposites of silica,176,177,178 
mica,179,180,181 montmorillonite clay,182,183,184  hydroxyapatite185,186,187 and carbon 
nanotubes188,189,190 have all been blended with PLA to improve upon the processability 
and mechanical properties.  Polymer nanostructured materials based on clay minerals 
have received significant interest due to their widely known improvement in barrier, 
mechanical and thermal properties and their ability to alter the surface property chemistry 
through ion exchange reactions with organic or inorganic ions.   
For instance, PLA incorporated with fumed silica particles was shown to have a 
thermal degradation increase of 12 °C, and a Tg increase of 1.34 °C.172  Molecular 
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modeling of the PLA-silica composites were studied and also found to be in good 
agreement with the experimental results for the radius of gyration of the polymer chains 
around the nanoparticles.  The shear viscosity of the nanocomposites also decreased as a 
result of the silica particles incorporation compared to neat PLA.    
In another study, organically modified hexadecylamine fluorinated mica organoclay 
mineral was dispersed in polylactide to determine its effects on polylactide.175  Both the 
ultimate tensile strength and moduli was shown to increase with 4 wt % of the clay 
incorporated into the matrix.  The enzymatic degradation of PLA using proteinase-K was 
also investigated following incorporation of MMT modified with octadecylammonium 
cations in nanocomposites foams.  Their studies indicated that the degradation appeared 
to be linear, with significant reduction of weight occurring in the amorphous regions, 
compared to the crystalline regions as shown in SEM images.177  
Xu and coworkers investigated the ability of PLA hydroxyapatite nanostructured 
materials to be electrospun into composite fibers and found that as low as 4 wt % of the 
nanoparticles incorporated in the matrix can form uniformly dispersed fibrous mats with 
higher strength properties than PLA alone.181  The high modulus, strength and thermal 
conductivity has made carbon nanotubes (CNT) a widely utilized filler in polymer 
systems.    Wen et al has shown the effect on mechanical and thermal properties of 
purified and non-purified carbon nanotubes/PLA composites.  The purified CNT/PLA 
composites exhibited higher moduli and strength, and better dispersion compared to both 
PLA and non-purified CNT/PLA composites.184 
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Applications 
Due to its biodegradability and renewability, polylactide can be suited for a variety of 
applications.  Since the early introduction of polylactide copolymers, biomedical fields 
have ensured widespread interest due to its utilization in specialty applications such as 
drug delivery, sutures and tissue engineering.191  The longest and largest use of 
polylactide has been as an absorbable suture using a 90:10 polyglycolide-co-polylactide 
copolymer since the 1970’s. Films,192 fibers,193 foams178 and rods194 have also been 
targeted for biomedical applications and are currently undergoing commercial use. Table 
2.10 lists some recent polylactide based materials that have been utilized in a variety of 
medical fields. 
Table 2.10. Biomedical applications of PLA polymers. 
Polymer Medical Application Authorsref 
Fracture fixation Rokkanen et al,195 Epple et al196 Polylactide Ligament augmentation Friemert et al197 
suture Blitzer et al198 Polylactide-co-
polyglycolide Drug delivery microspheres Evora et al199 
Polylactide-co-
polycaprolactone-
co-polydioxanone 
Sutures, drug encapsulation Rodriguez-Galan200 
Polylactide-co-
polycaprolactone Cellular proliferation Thorvaldsson et al
201 
Poly(D,L-Lactide)-
co-poly(ethylene 
glycol)  
Wound covering gauzes Cui et al202 
 
Another major application of PLA fibers and films is in plastics and packaging 
industries.  Polylactide polymers have been commercialized by Cargill under the 
tradename Natureworks™.  A variety of exploratory business sectors based on PLA 
polymers have been investigated and show versatility in a wide range of applications for 
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more sustainable technologies.203  A summary of the different sectors of Natureworks™ 
Polylactide polymers are listed in Table 2.11.  
 
 
Polylactide polymers have recently been investigated for other non-traditional 
applications.  Imaging and sensing technologies have become an important arena, 
particularly in health and security defenses.  Consequently, researchers have explored the 
use of PLA towards the development of biomaterials containing imaging and sensing 
properties.  For example, Fraser et al has synthesized a difluoroboron dye containing 
PLA polymer with interesting photoluminescent properties.204  Variable 
photoluminescence emission was observed dependent upon molecular weight of the PLA 
chains.  It was also noted that compared to blends of the similarly covalently bound 
difluoroboron dye exhibited much less homogeneity due to the possible aggregation of 
Table 2.11. Some commercial applications of Natureworks™ Polylactide 
copolymers. 
Sectors Commercially available applications 
Rigid 
thermoforms 
Clear short shelf-life trays and lids, opaque dairy containers, 
consumer displays and electronics packaging, disposable 
articles, cold drink cups 
Biaxially-oriented 
films 
Shrink wrap for consumer goods packaging, twist wrap candy 
and flower wrap, windows for envelops, bags and cartons 
Bottles Short shelf-life milk and oil packaging 
Apparel Sport, active and underwear, fashion 
Non-wovens Agricultural and textiles, hygiene products, wipes, shoe liners 
Household, 
industrial, 
and institutional 
fabrics 
Bedding, drapery, table cloths, curtains, mattress ticking, wall 
and cubicle fabrics, upholstery 
Carpet Surface yarn and fibers 
Fiberfill Pillows, comforters, mattresses, duvets 
Foams Structural protective foams 
Adapted from E.T.H. Vink et al Macromol. Biosci. 2004, 4, 551-554. 
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the fluorophores.  On another note, applications consisting of organic light emitting 
diodes, organic field effect transistors, or plastic solar cells require the precise control of 
thin film structures.  Hillmyer et al has shown the use of PLA copolymer templates to 
form highly ordered nanoporous thin films.205  The regular poly (3-alkylthiophene-b-
polylactide copolymers were processed into thin films where upon the PLA blocks where 
chemically etched out using a simple alkaline bath to generate nanopitted-lamellae 
structured films.  Stimulus responsive polymers have also become a focal point of 
research groups due to their ability to enable specific target functions such as surrounding 
stimulation, light, electrical impulses and pH changes.   Jing and coworkers have 
synthesized an electroactive polylactide copolymer bearing aniline groups and shown its 
ability to undergo significant electroactivity similar to the electroactive properties of 
polyaniline polymers.206 These new visions/concepts enable the introduction of 
polylactide polymers into different avenues and/or applications for wider scopes of 
marketability. 
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CHAPTER THREE  
POLYHYDROXYALKANOATES-CO-POLYLACTIDE POLYMERS 
 
Introduction 
Polyhydroxyalkanoates (PHAs) are homo- or hetero-polyesters accumulated as 
intracellular carbon and energy storage materials in various microorganisms usually 
under conditions of limiting non-carboneous nutrients such as nitrogen.202  The general 
structural backbone of PHAs is shown in figure 3.1, with the composition of the side 
chain (-R-) constituent determining the identity of the monomer unit. In the 1920s, 
Lemoigne demonstrated the first production of a PHA derivative, poly (3-hydroxybutyric 
acid) that was linked through ester bonds between the 3-hydroxyl group and the 
carboxylic group of the next monomer from aerobic spore-forming Bacillus 
megaterium.207  Since the first occurrence of PHA production by Lemoigne, various 
research groups have studied the use of employing different types of bacterium and 
growth conditions to produce a wide variety of PHAs with various chemical 
compositions and molecular weights.208,209,210  
 
 
Figure 3.1. Generalized structure of PHAs. 
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More than 90 types of archae and eubacteria have been detected that are able to 
produce PHAs and the utilization of these PHA polymers has received vigorous interest 
particularly due to its anaerobic biodegradability and biocompatibility in biomedical and 
packaging fields.211   Several PHAs such as poly (3-hydroxybutyrate)s (PHB), and 
copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate (PHBV), poly (4-
hydroxybutyrate (P4HB) and poly (3-hydroxybutyrate) and 3-hydroxyhexanoate 
(PHBHx) have been made available in sufficient quantity for rigorous research studies.   
 
Synthesis of PHAs 
There are three classes of PHA polymers, short chain length (SCL) with chain units 
ranging from 3 to 5 (C3-C5), medium chain length (MCL-PHA (C6-C14)) and long chain 
length PHAs (LCLPHA (>C14)).212  PHAs are accumulated inside cells as engorged 
granules, with variation in shape and size dependent upon the chain length of the 
polymer.  The PHA granules are typically made up of protein layers as shown in Figure 
3.2.  The layers have been identified into different classes, namely (1) PHA polymerases, 
(2) PHA depolymerases (3) phasins which are granule associated proteins that have a 
stabilizing function and (4) proteins with unclear functions.204 Various claims have been 
proposed on the cause of growth formation of the PHA within the granules. The most 
commonly accepted claim being that of water molecules inside the granule acting as a 
plasticizer that forms hydrogen bonds to the growing polymer chain, preventing or 
limiting crystallization, which plays a role in the orientation of the monomer chains in the 
biosynthetic process.203-206   
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As genetic engineering and expression of enzymes continue to increase, different 
mechanistic routes to the biosyntheses of PHAs have been developed.  The biosynthesis 
process of PHA typically involves two steps i.e. the supply of the substrate monomer and 
the polymerization of the monomers.  There are a number of metabolic pathways 
dependent on the various PHA substrates or monomers.213  Some of the well known 
pathways are shown in Scheme 3.1.  Dependent on the type of PHA produced, the 
synthetic route tends to follow either the tricarboxylic acid (TCA) cycle (I), the β-
oxidation cycle (II) or the de novo fatty acid synthesis mechanism (III).  In pathway I 
typically utilized in the Ralstonia eutropha species, two acetyl CoA molecules are 
generated from the tricarboxylic acid cycle to form acetoacetyl-CoA by the enzyme β-
thiolase (PhaA) (1), which then is reduced by NAPDH-dependent enzyme acetoacetyl 
CoA reductase (PhaB) (2) to form 3 hydroxybutyryl-CoA. This monomer is then 
 
Figure 3.2. PHA granule depicting protein association, adapted with permission from K. 
Sudesh et al.  Prog. Polym. Sci. 2000, 25, 1503-1555 © 2000 Publisher: (Elsevier Science 
Ltd.). 
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esterified to form PHB polymer by the polymerase (PhaC) (3) and typically takes place 
on the surface of the granule.214   
Pathway II which is found in Rhodopseudomonas rubrum species provides routes for 
different PHA monomers to be generated.  It involves the fatty acid metabolism of carbon 
sources via β-oxidation.  A wide variety of substrates can be transformed into acyl-CoA 
derivatives via synthetases which are subsequently converted to the trans-enoyl-CoA 
monomer by the enzyme acyl-CoA dehydrogenase (4).  Formation of the - S - or - R - 
hydroxy-acyl-CoA molecule is formed from its respective enoyl-CoA hydratase (5 & 8), 
which is reduced by keto-acyl reductase (6 & 9) to form 3-keto-acyl-CoA. This monomer 
can then continue the β-oxidation cycle or continue on from the 3-hydroxy-acyl-CoA 
monomer to form medium chain length PHA by PHA polymerases (PhaC) (11). The - S - 
3-hydroxy-acyl-CoA can also be converted to the - R - 3-hydroxy-acyl-CoA by the 
hydroxy-acyl-CoA-epimerase (10) that can form polymer using the PhaC enzyme (11).  
Pathway III involves de novo fatty acid synthesis of PHA which differs from the β-
oxidation pathway by its metabolisis or glycolysis of sugars to produce acetyl-CoA 
monomers is typically found in the Pseudomonas species.210  The enzyme acetyl-CoA 
carboxylase then transforms the acetyl-CoA to malonyl-CoA which is then converted to 
malonyl-ACP by a transferase enzyme (12).  3-keto-acyl malonyl-ACP is formed by the 
respective synthase (13) which is then reduced to R-3-hydroxy-acyl-ACP by the keto-
acyl ACP reductase (14).  Formation of the enoyl-ACP via the enzyme hydroxy acyl 
reductase (15) or production of R-3-hydroxy-acyl-CoA via the enzyme can 3-hydroxy-
acyl-CoA ACP transferase (18) can then occur.  From the trans-malenoyl-ACP, enol-
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ACP reductase (16) forms the malonyl ACP resuming the cycle.  R-3-hydroxy-acyl-CoA 
can then be polymerized by the respective polymerase (11).  The different pathways for 
PHA biosyntheses make the variations of PHA polymers suitable for a variety of 
applications. Large production of PHA normally utilizes these biosynthetic pathway 
approaches via a fermentative two-stage process, where an initial growth phase in 
nutritionally enriched mediums gives sufficient biomass, where upon the second stage is 
monitored under careful nutrient limiting restrictions such as nitrogen.215 
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Chemical syntheses of PHAs are another route to accommodate variations in 
structure, molecular weight and polydispersity, if pure monomers are available.  For 
example, ring-opening polymerization of β-lactones can afford novel PHAs with variable 
thermal and mechanical properties.  High molecular weight PHAs were synthesized from 
racemic β-butyrolactone (BL) and racemic benzyl malolactonate (BM) in the presence of 
aluminoxane catalysts, with molecular weights of 30,000 or greater (Scheme 3.2).216  
Hori et al explored the use of distannoxanes for the ring opening polymerizations of R-β-
butyrolactone with ε-caprolactone, δ-valerolactone and L-lactide. Molecular weights of 
up to 480,000 were obtained with properties similar to that of biosynthetized PHAs.212  
The difference between chemical syntheses of PHAs and that of biosynthetic processes is 
the tacticity of the polymers.  Chemical syntheses cannot provide perfectly isotactic 
polymers that can lead to a drop in some of the mechanical and thermal properties.217 
 
 
 
Scheme 3.2 schematic diagram of the ROP of lactone derivatives using 
aluminoxanes.216 
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Properties 
Desirable properties of PHA can be tailored dependent upon the chemical 
composition makeup of the polyhydroxyalkanoate backbone.   Its physical properties can 
range from hard and crystalline to soft and elastic. Poly(3-hydroxybutyric acid) (PHB), 
for instance exhibits a highly crystalline nature with a melting temperature of about 180 
°C, and properties similar to that of polypropylene (PP).208  Molecular weights of PHB 
can range from 1 x 104 up to 3 x 106 with polydispersities around 2.   
The tensile properties of PHB typically range from 3.5 GPa and 43 MPa for its 
young’s modulus and tensile strength, respectively.  Copolymers of PHB can be less 
brittle, while retaining some of the strength of PHB homopolymers.  For example, poly 
(3-hydroxybutyric acid-co-3-hydroxyvaleric acid has an elongation to break of 50 % 
compared to 5 % for PHB, with a tensile strength around half that of PHB, approximately 
20 MPa.218  Poly (3-hydroxybutyrate-co-3-hydroxyhexanoate)s (PHBHx) also shows a 
much higher increase in the ultimate elongation as compared to that of PHB polymers i.e. 
400 %.  Selected thermal and tensile properties for various PHAs and polypropylene are 
listed in Table 3.1.  
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More recently, melting behaviors and crystallization studies have been investigated 
for various PHAs.  Akpalu et al have investigated the effect of cooling rates on the 
thermal properties of PHB, PHBV and PHBHx.  Spherulitic morphologies differed 
greatly with all PHA samples dependent upon the cooling rate employed.  Additional 
melting transitions for all PHA samples were observed as the cooling rate increased 
which was attributed to a melting, recrystallization, remelting process.219   
On the other hand, the crystalline lamellae and surface morphology of PHB and 
PHBHx polymers were compared using standard AFM and X-ray diffraction techniques 
by Mori et al.220 Different surface morphology between PHB and PHBHx was attributed 
to the difference in crystallinity between the two samples.  Synthesis of various types of 
PHAs have been produced with the most common containing P3HB as one of its 
constituents, therefore resulting in copolymers with desired and improved properties (see 
Table 3.1).   
Table 3.1. Selected properties of PHA and PP 
PHA 
Melting 
Temperature 
(°C) 
Glass 
Transition 
Temperature 
(°C) 
Crystallinity
(%) 
Tensile 
Strength 
(MPa) 
Elongation 
to break 
(%) 
P(3-HB) 177 2-4 60-63 40-43 5-6 
P(3-HB-
co-
20%HV) 
145 -1 56 20 50 
P(3-HB-
co-16%4-
HB) 
150 -7 45 26 444 
P(3HB-co-
10%Hx) 127 -1 34 21 400 
PP 176 -10 50-70 38 400 
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The rheological properties of PHAs have also been widely investigated and are 
known to be affected at high processing temperatures, with degradation occurring over 
time, resulting in a loss in viscosity and modulus.  The thermal stability of PHAs is 
relatively high; however degradation occurs at faster rates at increased temperature.209  
To combat these problems, the role of additives and/or blending with other polymers can 
limit the effect of temperature on the rheological and mechanical properties.  For 
example, Riemschneider and coworkers investigated the rheological properties of P (3-
HB) and blends with PVAc along with various plasticizers.221  Studies showed that the 
incorporation of additives limited the effect of processing conditions on the rheological 
properties of PHB, resulting in no significant changes in viscosity and molecular weight.   
 
Degradation  
One of the greatest advantages of PHA is its ability to degrade under both aerobic and 
anaerobic conditions.  Degradation can occur by enzymatic and thermal means and is 
ruled mostly by physical and chemical properties.  It has been shown that PHAs can 
degrade under microbial depolymerases, enzymatic and nonenzymatic hydrolysis.222  It 
was found also found that melting temperatures play an important factor in the 
biodegradation properties.  The thermal degradation kinetics of PHBHx was investigated 
by Harrison and coworkers, and correlated viscosity measurements with the rate of chain 
scission in the polymer backbone.223  The degradation stability of PHAs is compromised 
due to their propensity to undergo go random chain scission due to β- elimination at 
higher temperatures.  The degradation of PHB polymers was shown to occur by both 
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stereoselective cis-elimination to afford trans-crotonic acid and its respective oligomers 
and transesterification reactions by Kopinke et al224  (scheme 3.3). 
 
The biodegradation of solid polymers is influenced by chemical structure, 
crystallinity, hydrophilicity/hydrophobicity, orientation and morphological 
properties.225,226  Various media have been studied for their effect on the degradation of 
PHA.  Enzymatic degradation by hydrolases and depolymerases of PHAs has been 
widely explored227,228 and a variety of intracellular and extracellular polymerases have 
been isolated, purified and characterized from a variety of organisms.229  Degradation 
mechanisms of PHBs in particular have been thoroughly investigated to show its 
hydrolysis into acetyl-CoA monomers.230,231   
Scheme 3.3 Some examples of basic degradation mechanisms of PHA219 
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The chemical structure of the PHA polymer can also affect the enzymatic degradation 
rate. For instance, Doi and coworkers showed the effect that PHA crystals had on the rate 
of biodegradation and the mechanism of degradation using atomic force microscopy.  
They speculated that a multistep process that included absorption of the enzyme to the 
surface of the crystal followed by sequential degradation of the crystal structure (Figure 
3.3).232  On another note, it was shown that mass loss for polyhydroxybutyrate-co-
polyhydroxyalkanoate was significantly retarded under depolymerases treatment as 
compared to other commercial PHA polymers such as PHB, PHBV and PHBHx.  Li and 
coworkers reported that the mass loss was only 25% for their synthesized novel 
copolymer as compared to 75, 94 and 39 % for PHB, PHBV and PHBHx, respectively.233  
Biodegradation of PHAs in the environment have also been studied and have shown that 
the rate is affected by moisture content, pH of the environment, monomer composition, 
crystallinity, additives and temperature.234   
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Both in vivo and in vitro biodegradation of PHA is important due to the huge 
potential for therapeutic, tissue engineering and other biomedical applications.  In in vivo 
studies for tissue engineering applications, the degradation rate is usually affected by the 
type of scaffold, and the monomer composition in the polymer.  The degradation of P3-
HB, P3-HB-co-4-HB and PHBHx electrospun films were investigated as tissue 
engineering scaffolds in rats by Iwata et al.235  The diameter size and the increasing 
content of PHB and PHBHx was shown to slow down the rate of degradation in vivo. 
This was attributed to the polymers being less susceptible due to limited penetration of 
water, as compared to the P-3HB-co-P-4HB fiber sample. In vitro studies can allow for 
investigation of model systems where variable conditions can be altered, for example, 
pH, temperature and media. A pioneer in this work, Marchessault studied the degradation 
 
Figure 3.3. A schematic diagram of the enzymatic hydrolysis of a PHB crystal, 
signaling the absorption, binding and catalytic domains. (Reprinted with permission 
from K. Sudesh et al. Prog. Polym.Sci. 2000, 25, 1503-1555, © 2000 Publisher: (Elsevier 
Science Ltd.).227 
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properties of various crystalline PHAs. In vitro studies showed that crystallinity and 
crystal size were the main determinant factor for the rate of degradation of PHAs.236 
 
Applications 
The use of PHA materials in both the plastic and biomedical applications is expected 
to increase due largely to the increased demand for biodegradable polymers in niche 
markets.  PHAs properties can be widespread due to synthesis by different strains of 
bacteria subsequently resulting in different thermal and mechanical properties.  Also, its 
ability to blend with other derivatives of PHAs and other polymers increases its 
marketability due to the tailorable properties that can be achieved with lower processing 
costs compared to conventional chemical syntheses.  For instance, The Procter and 
Gamble Company synthesized and commercialized a class of PHA polyesters under the 
tradename NODAX™ comprising of PHB units that have increased toughness, ductility 
and thermal stability, similar to petroleum based polymers such as polyethylene.237  
Blends of a NODAX polymer, PHBHx and polylactide were examined as a way to 
improve upon the drawbacks of each while maintaining their intrinsic advantages.  
Efforts towards enhancing the thermomechanical and processing properties of PLAs have 
focused on blending PHA and PLA to produce the most promising biodegradable 
materials for use in a variety of applications.  It was found that incorporating small 
amounts of PHA can effectively increase the toughness of the PLA polymer, while still 
maintaining optical clarity due to the miscibility of both polymers.238  Other 
modifications of PHA polymers can include the incorporation of plasticizers and 
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nanostructures.  The effect of incorporating nanostructures in PHA matrices was studied 
by Zhang et al.  Modified clay, mica and talc were dispersed in PHA matrices in various 
percentages and showed increased thermal stability, moduli and toughness with low 
loadings.239 
In medical applications, PHA has received wide interest due to its biocompatibility 
and biodegradation properties.  Its variable shape, surface porosity, chemical structure 
and non-toxic degradation products make it an attractive candidate for applications in 
tissue engineering and drug delivery.  In one report, the degradation products of PHBs 
were studied for their effecting on cell proliferation and apoptosis in mouse glial cells. It 
was observed that longer R-chain substituents such as hexanoates on PHA materials 
degradation products had better cell viability and biocompatibility compared to shorter R 
chain PHAs degradation monomers.240  In drug delivery applications, PHA-PEG block 
copolymers were observed as efficient carriers for the drug, quercetin.  Tests showed the 
ability of the PHA copolymer to have an encapsulation efficiency of 75%, with high 
release profiles compared to that for PLA-PEG and PLA-PEA copolymers.241  Excellent 
reviews’ detailing other medical uses of PHA polymers has been discussed by Chen242 
and Haker and coworkers.243   
Many companies have commercialized PHA polymers for use in a variety of plastic 
and commodity based technologies.  For instance, Procter and Gamble Company under 
the tradename NODAX™ has commercialized a variety of PHA polymers for use as 
replacements of petroleum based polymers in conventional plastics markets.231 NODAX 
copolymers have also been used as mulch films for agricultural applications due to its 
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ability to undergo anaerobic degradation.244  Another US based company; Metabolix has 
marketed a variety of PHA based resins from switch grass under the tradename MIREL™ 
which has improved thermal and mechanical stability.245  International companies have 
also marketed PHA polymers for use in commodity plastics applications.  For instance, 
Biomer Ltd. in Germany has commercialized high-tech production of PHB and PHBV 
polymers.246  Tianen Ltd. owns technology to produce PHAs on large scales for a variety 
of medical devices and commodity products such as flexible packaging, nonwovens and 
flushables.247  Although there are various high production technologies for PHA 
polymers, the widespread marketability of PHA materials is limited due to their 
expensive and time-consuming fermentation processes and relatively low thermal 
stability at high processing temperatures compared to conventional polymers of which 
they hope to act as a competitive alternative.  This aspect has led to the increased 
research efforts to improve properties and in some cases reduce production costs by 
chemical syntheses and/or blending with other monomers, polymers, plasticizers and 
composites. 
The aim of this chapter is to synthesize a novel copolymer that possesses both PHA 
and PLA units that can aid in the improvement of the intrinsic properties of each while 
promoting homogeneity, that is sometimes limited in blend studies.  The novel 
copolymers were analyzed to determine effect of polymer composition on thermal and 
mechanical properties and the miscibility between the two polymers covalently attached.  
The promising utility of these two polymers have been discussed in detail in both 
chapters 2 and 3, yet the remainder of this chapter will show the influence that these 
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polymers have on each other as a result of being covalently bound as opposed to 
traditional blending studies.  It complements the work done by Noda et al at the Proctor 
and Gamble Company where they utilize the effects that blending PHA has on the 
intrinsic properties of PLA.232   The work presented here demonstrates the successful in 
situ polymerization of PHA-co-PLA copolymers.   
 
Polyhydroxyalkanoates-co-Polylactide copolymers 
Synthesis of PHA-co-PLA copolymers 
Novel PLA/PHA copolymers (3a) were prepared by the ring opening polymerization 
of lactide in the presence of commercial PHA as shown in Scheme 3.4.  Variable ratios of 
PHA and lactide were investigated and copolymers of PLA with 20 wt % PHA were 
chosen for further studies based on initial properties and comparison with blend studies. 
Copolymers were synthesized in the presence of Sn (Oct)2 (0.01 wt %) and reacted for 24 
hours at 130 °C with or without anhydrous toluene.  Both solution and melt methods gave 
white fibrous polymer in high yield upon precipitation and show similar properties with 
slightly higher molecular weights obtained for the melt process (Table 3.2). 
 
 
Scheme 3.4 Schematic of in situ polymerization of L-LA and PHA.   
O
O
O
O
+
Sn(Oc t)2
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L-Lactide                    PHA                                                                                    1
x = 0.9-0.94, y < 0.1 3a 
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Characterization of PHA-co-PLA copolymers. 
PHA-co-PLA copolymers were characterized by 1H, and 13C NMR and degree of 
incorporation by NMR analysis.  Further information and experimental details are 
presented in Chapter 8.  The corresponding values obtained from GPC for PHA, PLA, 20 
wt % PHA/PLA blend and in situ copolymer 3a are summarized in Table 3.2  In situ 
copolymerization resulted in an overall decrease of PHA molecular weight from Mn = 
126 000 to 29 000 for the new co polyester as determined by GPC.  The molecular weight 
dropped significantly possibly due to random chain scission reactions (particularly 
intramolecular ester exchange reactions which can produce cylic and non-cyclic 
oligomers and cis-eliminations known to produce carboxylic acid derivatives) known to 
occur at high temperatures for PHA copolymers.217,218,219  For example, Doi and Kunioka 
showed that PHAs were thermally unstable at temperatures of 170 °C and had rapidly 
decreasing molecular weight with time.248   
Table 3.2 Selected properties of copolymers. 
Copolymer PHA feed wt % (NMR)a 
Mnb 
(x 10-3) Mw/Mn
b Tmg       (ºC) 
∆Hmg 
(J/g) 
Tcg 
(ºC) 
∆Hcg 
(J/g) 
Tg 
(ºC) 
% 
cryst.e Td
f 
PLLA n/a 35 2.0 176 41 111 34 61 49 272 
PHA 100(100) 126 2.4 126,245 3,31 62 26 -1 n/a 286 
blend 20(20) 46 3.7 143c, 173d 6c, 40d 46c, 94d 4c, 5d -2c 48 286 
3a 20(19) 29 2.3 170 34 84 11 56 40 269 
aCalculated from 1H NMR. bDetermined by GPC. cPeak associated with PHA. dPeak 
associated with PLA. eDetermined from fully crystalline PLA and DSC. fDetermined by 
TGA. gDetermined by DSC. 
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To investigate the effects of catalyst and heat on the high molecular weight PHA 
starting polymer, control degradation of PHA alone in the presence of Sn(Oct)2 (0.01 
wt%) at  130 ºC for 24 hours was performed to help account for the decrease in molecular 
weight of copolymer 3a.  Figure 3.4a shows GPC chromatograms of starting and 
degraded PHA where the decrease in molecular weight is significant (Mn from 61k to 
18k) and suggests that interchange or transesterification reactions can occur during in situ 
polymerization correlating with reaction mechanisms proposed in literature.55,219  The 
control degraded PHA was also analyzed by DSC and illustrates that the thermal 
behavior of the degraded PHA is much different than that of copolymer 3a (vide infra).   
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Transesterification is known to occur in molten polyesters in addition to other chain 
scission and recombination reactions and is used to prepare a homogenous random 
copolymer between two immiscible polyesters.249,250,251,252,253,254 The mechanism of 
transesterification remains somewhat ambiguous in many reported studies; however 
 
Figure 3.4.  (a) GPC curves for PHA and degraded PHA (b) GPC curves for PHA, 
PLA, PHA-co-PLA (3a), and PHA/PLA blend. 
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several approaches have been published on the kinetics of a transesterification reaction 
through detailed NMR, DSC and IR spectroscopy analyses.30,255,256,257,258  For instance, 
the degree of randomness was shown to increase as reaction time increased causing 
continued decrease of polymer chain lengths in poly(trimethylene terepthalate)/bisphenol 
A polycarbonate blends.250   This suggests that the in situ polymerization of 3a appears as 
a result of transesterification reactions where the PHA chains are decreased and GPC 
elution curves become monomodal and less polydisperse, indicating higher degrees of 
randomness in the copolymer.   
After copolymerization with lactide, copolymer 3a exhibits a polydispersity (Mw/Mn 
= 2.3) typically found in between that for PLA and PHA homopolymers.  The 
corresponding blend shows a higher polydispersity of 3.7 as compared to copolymer 3a 
(Table 3.2).  Elution time curves from GPC are compared and shown in Figure 3.4b.  The 
GPC results indicate significant chain cleavage of PHA, suggesting that lactide segments 
could then grow from multiple initiation sites in addition to transesterification reactions.  
The 1H and 13C NMR spectra for the 20 wt % PHA/PLA copolymer (3a) are shown in 
Figure 3.5a and b.  Signals at δ 5.1 and 1.56 ppm in the 1H NMR spectrum represent the 
methyl and methylene protons of the lactide linkage, respectively, while signals at δ 5.2 
and 1.25 represent the methyl and β-protons of the PHA units.  The compositions were 
determined by the integration ratio of the PLA methyl protons at δ 1.56 with those of the 
methyl protons from PHA at δ 1.25.  The actual ratio calculated by NMR is consistent 
with the feed ratio as shown in Table 1.  The 13C NMR spectrum was analyzed using the 
expanded signals from the carbonyl region.  New ester carbonyl signals that differ from 
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both the parent polymers are found.  Examination of this spectra shows that new signals 
found in the carbonyl region can be attributed to the formations of new dyads or 
sequences between PLA and PHA from transesterification reactions.  Other detailed 
verifications of the appearance of new signals attributed to these types of reactions have 
been mentioned in other reports.253,259,260  Model studies of liquid crystalline polymer 
poly(hydroxy benzoate-co-ethylene terepthalate) and polycarbonate were done by 
Radmard and Dadmun and showed the appearance of new peaks in the carbonyl region 
which were the result of new sequences of Bisphenol A-oxybenzoate and bisphenol-A 
terepthalate links formed between the two copolymers as a result of transesterification.253  
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Figure 3.5 1H NMR spectrum of melt prepared PHA-co-PLA copolymer 3a(a) and 
13C NMR spectrum of solution prepared 3a (b). 
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Films of PLLA, PHA, 20 wt % PHA-co-PLA and its corresponding blend were 
evaluated by FTIR analysis and the results are shown in Figure 3.6.  FTIR analyses has 
been used to monitor changes associated with formation of new spectroscopic signals in 
copolymers, providing correlations with composition and distribution of the unit 
sequences.261,262,263  The characteristic peaks of the C=O bands for PHA, PLA, the blend 
and 1 is observed from 1600 to 1700 cm-1, where PHA has peaks at 1738 and 1725, and 
PLA at 1755 cm-1.  The C=O band occurring at 1758 cm-1 for the copolymer is much 
sharper than that of the C=O stretching bands of PHA and PLA alone.  The blend of PLA 
and PHA clearly shows the overlapping of both respective C=O broad bands, whereas 
copolymer 3a exhibits a sharper single band.  The copolymer 3a fingerprint region, 
observed at 800 to 1500 cm-1, also shows formation of new peaks that are suggestive of 
new C-H (1375-1450 cm-1) and C-O (1300-1100 cm-1) vibrations which appear and is 
clearly distinctive from that of PLA and PHA and the blend.   
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Figure 3.6. FTIR spectra of PLA, PHA, PHA-co-PLA copolymer 3a and 20 wt %  
PHA/PLA blends. 
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DSC is a thermoanalytical technique used to study the thermal properties i.e. the Tg, 
Tm and Tc of a polymer, as mentioned in chapter 2.264 For example, isothermally 
crystallized PHBHx samples were tested using DSC and FTIR.265  Their studies showed 
that crystallization and heating rate had different and strong effects on the depression of 
the multiple melting transitions associated with PHBHx polymers, which corresponds to 
the different phases of the melt-recrystallization-remelting process.  The effect of heat 
flow rate on the second heating DSC thermal transitions of polymer 3a is shown in 
Figure 3.7.  The Tg of  polymer 3a is diminished as the heating rate decreases, suggesting 
that there is less amorphous character due to a more crystallizable nature of the longer 
annealed sample.  For the higher heat flow rate, the increased crystallinity is speculated to 
be attributed to the recrystallized crystals obtained during the 1st heating and cooling 
scans.266   
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The DSC data for PLA, PHA, copolymer 3a, the corresponding 20 wt % blend and a 
50 wt% blend are shown in Figure 3.8a.  The step transition at 61 °C is attributed to the 
glass transition temperature of PLA with a crystallization peak at 111 °C and a melting 
peak at 176 °C.  PHA exhibits a glass transition temperature at -1 °C, a crystallization 
peak at 62 °C and two melting peaks at 126 and 145 °C.  The 50 wt % blend shows 
clearly the separate glass, crystallization, and melting transitions representative of the 
PHA and PLA polymers.  In comparison to copolymer 3a, the 20 wt % blend of 
PHA/PLA shows expected results where the Tg of PHA alone is visible at –2 °C, the 
crystallization peak of the blends show a broad transition at 46 °C that overlaps with the 
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Figure 3.7 Effect of heat flow rate on thermal transitions of copolymer 3a  
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Tg for PLA and another Tc corresponding to the PLA transition at 94 °C.  The distinct 
melting peaks are also visible at 143 and 173 °C for PHA and PLA, respectively.  For 
copolymer 3a, the second heating scan shows one sharp crystallization peak at 84 °C, 
melting peak at 170 °C and a very broad glass transition temperature with the center 
around 56 °C.   
Previous studies indicate that copolymer and blend compositions can influence the 
Tm, Tc and Tg of the system where immiscibility has a strong effect on the observable 
transitions in the thermograms.267  Prior reports have shown that the copolymer 
composition can affect the miscibility, which can alter the crystal structure formation 
upon crystallization or annealing procedures.  This can subsequently affect the thermal 
transitions associated with the melting-recrystallization-remelting process of the polymer 
sample.268,269  At 20 wt. percent incorporation of PHA, the polymer 3a observable 
transitions are influenced by the miscibility of the sample. The degree of crystallinity was 
calculated using the equation:  
Crystallinity (%) = (∆Hf/∆Hf°) x 100 
where ∆Hf is the melting enthalpy and ∆Hf° = 93 J/g is the heat of fusion for 100% 
crystalline PLA.270  We chose to use the 100% crystalline PLA value as the reference 
enthalpy for comparison since it is the primary component of the copolymer and blend.  
The ∆Hf values are obtained from the melting curves of the second heating scans of the 
DSC.  The degree of crystallinity has been reduced by almost 10 °C from the 
homopolymer of PLA and its corresponding blend.  Thermal properties of the 
copolymers are summarized in Table 3.2.   
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Figure 3.8b shows the DSC results for the control degradation of PHA and catalyst 
(SnOct2 @ 130 ºC) without lactide.  Polymorphic melting generally decreased and 
became more disperse with clear melting transitions of 145 and 126 ºC for starting PHA 
to 140, 130 and 113 ºC for degraded PHA.  The Tg and crystallization temperatures also 
decreased by at least 5 ºC after degradation.  Clearly, the new PHA/PLA copolymer 3a 
shown in 3.7a is not simply degraded PHA or a blend of PLA and PHA.   
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Figure 3.8. (a) DSC curves (second heating) for melt prepared copolymer 3a, the 20 
wt % blend, PHA and PLA. (b) DSC curves (second heating) of PHA and reacted 
PHA. 
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Copolymer 3a exhibited expected thermal stability as shown in Figure 3.9 by Thermal 
Gravimetric Analysis (TGA).  The copolymer 3a gave a Td value of 269 °C and is similar 
to PLA while PHA has a Td of 283 °C.  The higher molecular weight blend experiences a 
Td of 286 °C giving a higher thermal stability than that of the copolymer.   
 
 
 
 
 
 
 
 
 
 
 
 
 
The Optical Polarized Microscopy of PLLA, PHA, a 20 wt % PHA/PLA blend and 20 
wt % PHA-co-PLA copolymer (3a) are shown in Figure 3.10.  Optical polarized light 
microscopy can be used to study the crystallites of the polymer sample.271  The 
spherulitic crystal morphology of the novel copolymer differs significantly from that of 
PHA and PLLA alone.  The spherulites of both PHA and PLLA are evident in the blend 
suggesting phase immiscibility between the two crystalline domains.  It has been 
 
 
Figure 3.9. Thermal degradation curves for copolymer 3a, PLA, PHA and 
corresponding blend. 
 
Temperature °C 
3a 
Weight 
% 
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previously reported that the crystallization kinetics can be altered dependent upon the 
crystal spherulites formed.272,273  The addition of PHA alters the spherulitic formation in 
the polymer 3a, causing unique crystal morphology that is not evidenced in the 
corresponding blend.  This can be attributed to the decrease in crystallinity of the PLA 
segments with the amorphous units of the PHBHX moiety.  
 
The surface topography of the PHA-co-PLA copolymer film and fiber was observed 
by SEM using a cryo-fractured cross section of the film material and electrospun fiber.  
Electrospinning is based on the uniaxial stretching or elongation of a viscoelastic jet 
derived from a polymer solution or melt through the use of an external electric field.274  A 
representative diagram of the electrospinning apparatus is shown on Figure 3.11.  Cross 
 
Figure 3.10.  Polarized optical micrographs at 10 k magnification showing spherulitic 
morphology of PLA (a), 20 wt % PHA/PLA blend (b), PHA (c), and 20 wt % PHA/PLA 
copolymer 3a (d) crystallized at 165 ºC. 
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section  surfaces in Figure 3.12a exhibit homogenous morphology throughout the entire 
region and fiber width averaged around 7-8 µm as shown in Figure 3.12b.   
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Figure 3.11. Diagram of electrospinning apparatus.273 
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Tensile properties of PLA were affected by incorporation of PHA as shown in Figure 
3.13.  An increase in the modulus of PLA was noted upon the incorporation of 20 wt % 
of PHA.  The crystallization of the copolymer has been reported to have advantageous 
effects on the mechanical properties of PLA such as its tensile modulus.275  The higher 
increase in both the blend and copolymer 3a tensile moduli compared to that of PLA and 
PHA may be caused by the distance between the spherulites resulting in higher surface 
tensions.276  The crystallization and orientation properties of the drawn copolymer 3a 
film results in an increase of the mechanical properties of PLA and PHA. 
 
Figure 3.12.  Scanning electron micrograph of cross section surfaces at 1.0k, 30 µm for 
melt copolymer 3a solution cast film and electro spun fibers. 
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Dynamic Mechanical characterization was performed on PHA, PLA and the in situ 
copolymer 3a to determine its applicability in applications that require rigorous 
processing conditions.  Samples were first subjected to a strain sweep test in which they 
were deformed at different strain rates and the moduli recorded to determine the linear 
viscoelastic region (not shown).  The samples were then subjected to a frequency sweep 
at 165 °C.  Multiple frequency sweeps were performed to ensure reproducibility.  Due to 
the degradation of PHA at elevated temperatures, the frequency range was limited.    
Figure 3.14 and 3.15 exhibits the storage and loss moduli and complex viscosity of 
PLLA, the in situ PHA-co-PLA copolymer 3a and corresponding blend.  The addition of 
PHA caused the copolymer to have less frequency dependent behavior as compared to 
PLA and its corresponding blend. This can be attributed to the changes from a Newtonian 
fluid-like behavior to more solid like properties.277  The loss modulus is typically higher 
0
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Figure 3.13 Tensile moduli of selected polymers
solution 3a    melt 3a 
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than the storage modulus for PLA and PHA polymers and indicates that the viscous 
response is stronger than the elastic response where energy stored during deformation is 
greater than the loss of energy due to changes in the frequency.  An increase in the 
frequency for copolymer 3a shows less change in the storage and loss moduli, whereas 
the storage and loss moduli of both PLA and PHA (not shown) have more variation over 
the range of frequencies.  The complex viscosity of PLA and the copolymer is also shown 
and the viscosity is reduced in the copolymer compared to PLA homopolymer. 
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Figure 3.14. Complex Viscosity at 165 ºC vs. frequency for PLLA and 20 wt %  
PHA/PLA copolymer 3a and corresponding blend.  
● PLA 
■ 20 wt. % blend 
▼3a 
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Figure 3.15.  (b) Loss and (a) storage moduli at 165 ºC versus frequency for PLLA and 
20 wt % PHA/PLA copolymer 3a and 20 wt % blend. 
● PLA 
■ 20 wt. % blend 
▼3a 
● PLA 
■ 20 wt. % blend 
▼3a 
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Applications of polyhydroxyalkanoate-co-polylactide copolymers. 
PHA-co-PLA copolymers have been processed into a variety of different substrates to 
determine its use in various applications.  Figure 3.16a and b shows visual images of the 
spun cast films and electrospun mats illustrating optical clarity and processability of the 
resultant in situ polymer 3a.  Collaboration with Prof. Karen Burg and Dr. Chih-Chao 
Yang allowed for processing the polymer 3a into polymeric beads for use in 
bioengineering applications. The roughened surfaced of the 3a polymeric beads was 
compared to the homopolymers of PLA and PHA which had relatively smooth surfaces.  
It has been previously noted that roughened morphological surfaces have better affinities 
for cell adhesion.278,279   
 
 
As shown in Figure 3.17, the roughened surfaces of the copolymers 3a can have 
better cell affinity and increased proliferation compared to the smoother surfaces of the 
PLA and PHA homopolymer.  Cell studies were done using in vitro live assay kits on 
PLA, PHA, 3a and a standard gelatin bead used for comparative purposes.  As seen in 
Non woven matfilm
 
Figure 3.16. Visual Images of (a)solution cast film and (b)electro spun mats of 3a. 
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Figure 3.18, all polymeric beads showed significant cell growth and proliferation using 
fluorescence. 
 
 
The cell proliferation and viability was assessed using an Alamar blue assay dye kit, a 
safe non-toxic dye used to monitor the absorption at certain wavelengths. Higher 
absorption close to that of gelatin for 3a copolymer over the homopolymers was 
observed.  Glucose consumption and lactic acid production also showed the ability of the 
3a polymers to have show stronger cell adhesion and higher production growth factors 
and matrix proteins in the cell. 
20 wt % PLA-co-PHA copolymer        Gelatin
PLA                                                     PHA
 
Figure 3.17. SEM images of polymeric beads designed for cell adhesion studies. 
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PLA                                                         PHA
20 wt % PLA-co-PHA copolymer           Gelatin
 
Figure 3.18. 7th day Proliferation studies of live/dead assays on polymeric beads. 
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Conclusions 
Lactide was successfully copolymerized with poly (3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHA) using a catalytic amount of tin octoate to generate a novel in 
situ copolyester consisting of both repeating units.  Polylactide containing 20 wt % of 
PHA exhibits significant changes in thermal behavior as shown by DSC.  Both the glass 
transition and crystallization transition has been altered significantly, indicating 
formation of a new PLA-co-PHA copolymer different from that of its starting materials 
and respective blend.   
The polymerization proceeds by random transesterification and competing initiation 
of lactide, occurring through chain scission reactions of PHA in the presence of Sn(Oct)2 
giving a random multi-block copolymer (Scheme 2) with  molecular weights ranging 
from 25-50K.  The in situ copolymer 3a also imparts improved mechanical properties 
based on its lower viscosity and dynamic moduli for superior processing conditions as 
compared to PLA alone that may be useful in a variety of commodity and biomedical 
applications.  
The relative ease of processing and fabrication for films and fiber materials of 3a was 
demonstrated by electrospinning and solvent cast methods, which is necessary in plastic-
based applications.  The efficiency for cell proliferation and viability was also tested on 
3D macromolecular architectures of 3a in comparison with PHA and PLA 
homopolymers.  Higher cell viability and proliferation was observed as compared to the 
PLA and PLA.  
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CHAPTER FOUR 
PERFLUOROPOLYETHER-CO-POLYLACTIDE COPOLYMERS AS LOW 
SURFACE ENERGY MATERIALS 
 
Introduction-The C-F bond 
Organofluorine compounds have been widely used for a variety of applications in the 
chemicals industry.  Carbon-fluorine bonds (C-F) in particular, exhibit interesting 
properties that impart significant stability compared to that of carbon-hydrogen bonds (C-
H).280  The fundamental unit of organofluorine chemistry (the C-F bond) relies on several 
key aspects that rationalize the reactivity and subsequent properties of the resultant 
fluorinated compound.281  One key attribute is the high electronegativity of fluorine (χ = 
4), assigned by Pauling in 1939, leads to a very polarisable, electrostatic character.282  
The size of the fluorine atom also plays a significant role in the unique interaction of the 
C-F bond.  The Van der Waals radii and bond lengths of carbon-fluorine are larger than 
that of carbon-hydrogen bonds and can therefore incur significant changes in the inherent 
properties of the bonds.283,284,285,286  Other attributes of the C-F bonds in comparison with 
C-H bonds are listed in Table 4.1.  Due to the kinetic and thermodynamic parameters of 
fluorine-containing compounds and polymers, more transitions from their hydrogen 
containing counterparts have been realized to improve upon the development of high 
performance materials. 
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Fluorinated polymers have been highly desired due to their unique properties 
consisting of thermal stability, chemical inertness, and high temperature resistance, low 
surface energy, low refractive index, and good barrier properties.287  A variety of 
fluorinated polymers have been investigated and utilized for specific applications based 
on their variable structure-property relationships.  Examples of some well known 
fluorinated compounds include fluoroplastics such as PTFE, fluoroelastomers, for 
example Viton® A, fluorosilicones and perfluoropolyethers such as Fomblins® Z dols.286  
Some limitations of fluorinated polymers is high cost of production, complexity of 
synthesis of monomers and difficulty in solution and melt processing.  Subsequently, 
there is ongoing research to circumvent these issues and increase the success of 
fluorinated polymers in materials, agrochemicals and pharmaceutical industries. 
 
Perfluoropolyethers 
One of the most interesting classes of fluorinated polymers is perfluoropolyethers 
(PFPE).  PFPEs are a class of medium to low molecular weight fluids which have 
traditional applications in lubricants, high-vacuum and aerospace applications (figure 
4.1). These polymers also have significant solvophobicity and substantial impact on 
Table 4.1. Selected properties of fluorine and hydrogen283-286
Properties Hydrogen Fluorine Reference 
Electronegativity (χ) 2.1 4.0 275 
Van der Waals (radii, Ǻ) 1.2 1.47 276 
C-X bond lengths (Ǻ) 1.09 1.35 277 
Bond dissociation energy (kcal/mol) 98.8 105.4 278,279 
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surface properties.  These materials can be synthesized by oxidative photo-
polymerization of perfluoroolefins and can have significant chemical reactivity 
dependent upon its end group functionality.288   
 
In commercial syntheses, the photooxidation process starts with the reaction of an 
olefin with molecular oxygen at low temperatures under uv irradiation.289  The 
mechanism of this particular reaction has been well explored and is believed to be the 
general oxidative polymerization mechanistic route for a variety of perfluoropolyether 
derivatives.  However, chemical initiated syntheses have been studied in order to have 
more efficient and less costly technological production. One example is of using 
elemental fluorine or perfluoroalkylhypofluorites to initiate the fluoroolefin.290  Due to 
the relatively weak bond character of these molecules, the generation of radicals is 
relatively easy to promote the first step of the reaction.  The limitations involve the high 
dependence on the reaction media and initiator concentration that affects the overall yield 
of the PFPE polymer.  To overcome this issue, addition of oxygen allows for less side 
 
Figure 4.1. Generalized structures of perfluoropolyethers and chain ends of 
commercialized PFPEs from Solvay-Solexis (S.p.A.).286 
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products due to the high reactivity with fluoroolefins.  A relatively complex mechanism 
involving free radical chains has been proposed for the formation of perfluoropolyethers 
and the first step of the reaction begins with the fluoroolefin being initiated with radicals 
of elemental fluorine radicals generated through homolytic fission. These fluorocarbon 
radicals can then react with oxygen at diffusion controlled rates to produce peroxy 
radicals during the propagation reaction.  These radicals can react further with other 
fluoroolefins which leads to formation of a growing polymer chain radical, continuing the 
propagation cycle.  Due to the very fast reaction of oxygen with the primary radicals 
generated, subsequent propagation and radical reactions increase the efficiency of the 
oxidative polymerization resulting in good yields for PFPE synthesis.283  Some of the 
elementary reactions in this complex mechanism are shown in Scheme 4.1.   
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Characterization of perfluoropolyethers has been done using detailed NMR 
studies.291,292,289  In the generalized structure for the Z dol perfluoropolyether diol, shown 
in Figure 4.1, the tetrafluorooxyethylene (OCF2CF2) (C1) units and the 
difluorooxymethylene (OCF2) (C2) units are randomly distributed throughout the 
polymer chain.  The end units are –CF2CH2OH and –OCF2CH2OH (C3) respectively.  
The proton NMR spectrum of Fomblins Z dols is characterized by a multiplet at 3.92 
ppm attributed to the –CH2 units which are representative of two overlapped triplets 
present from the different neighboring groups of C1 and C2.  The hydroxyl proton 
resonates at approximately 4.99 ppm with a broad singlet. The chemical shifts in 19F 
spectra for Fomblins Z dol (poly(tetrafluoroethylene oxide-co-difluoromethylene oxide) 
Scheme 4.1. Main elementary reactions of the oxidative photopolymerization of 
C2F4 initiated by fluorine.283,282,289 
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α, ω-diol) polymers are shown in Table 4.2.  Evidence of the significant chemical shifts is 
attributed to strong effect of the oxygen proximity to the -CF2CF2 or -CF2 group.  It is 
known that oxygen atoms attached via ether bonds to fluorocarbon groups decreases the 
chemical shifts to higher ppm values.293  The C1 zone is typically in the region of -88 to -
92 ppm, the C2 zone, in the region of -51 to -56 ppm and the functional end group zone 
(C3) in the -81 to -84 regions.  It is important to note, that reactivity of the functional end 
groups of the PFPE can be monitored by the changes in the C3 or functional end group 
region.  Small amounts of hexafluorooxytrimethylene and octafluorotetramethylene (C4 
and C5) units are also present due to side reactions.  The 13C NMR spectra is 
characterized by a triplet signal attributed to the hydrocarbon end groups, while a 
complex multiplet between 110 and 130 ppm is attributed to the fluorocarbons resonance 
signals. 
 
 
Table 4.2  Assignments and approximate ppm values for Fomblin Z dol 19F 
spectrum signals.285 
 
Chemical Shifts assignment Chemical Shift (ppm) Sequence 
-OCF2CF2OCF2OCF2CF2O- -52.0 C2 
-OCF2CF2OCF2OCF2O- -53.6 C2 
-OCF2OCF2OCF2O- -55.3 C2 
-OCF2CF2OCF2CF2OCF2- -89.0 C1 
-OCF2OCF2CF2OCF2- -90.6 C1 
-OCF2CF2OCF2CH2OH -81.3 C3 
-OCF2OCF2CH2OH -83.3 C3 
-OCF2CF2CF2CF2O- -126.0 C5 
-OCF2CF2CF2O- -129.7 C4 
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One of the most important properties of PFPEs is its low surface energy, which can 
enable its utility applications that require anticorrosion, excellent weatherability, stain 
release and water repellant properties.  The surface energy of polymers has been vastly 
studied using various methodologies that incorporate parameters such as Van der Waals 
interaction and surface tensions.  The adhesion between a solid and a liquid when brought 
in contact with each other can be used as a means to determine the surface energy of the 
solid.294  Specifically, contact angle measurements can be used to study the interfacial 
properties that result from the surface tensions of the solid and vapor (γSV), liquid and 
vapor (γLV) and solid-liquid (γSL) interface.295  Young has derived an equation relating 
these values to contact angle calculations which is illustrated in equation 4.1. According 
to this determination, the wettability of a surface can be used to describe the oleo/hydro-
phobic or –philic nature of the solid.  
                                              γSV = γSL + γLV cos θ                                          (4.1) 
The basic theory behind Young’s equation implies that when a liquid drop is placed 
on a surface, a contact angle forms, illustrating where the surface tensions that are part of 
the system is, as depicted in Figure 4.2a.  While there can be various other factors 
affecting surface energy measurements using this particular methodology such as 
swelling of the solid, liquid resurfacing and domain segregation, Young’s equation 
ignores these accounts assuming that the surface is typically homogenous and non 
deformable i.e. a static surface.  The interfacial properties of a surface can be 
approximated based on the degrees of wettability obtained by the contact angle of the 
liquid as shown in Figure 4.2b. The contact angle measurements utilizing Young’s theory 
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have been used by a variety of researchers as a tool to measure the surface energy of 
polymers.  For instance, Owens and Wendt developed a methodology take into account 
the dispersion and dipole-hydrogen bonding forces using both water and methylene 
iodide.296 Kaelble et al has studied a variety of surfaces utilizing various surface energy 
relations, assuming the total surface energy is the sum of its polar and dispersive 
components.297  
 
 
These tools have been used to study the surface dynamics of a variety of PFPE based 
substrates.  Surface energy and adhesion of Perfluoropolyethers on carbon disk substrates 
  
 
 
Figure 4.2 (a) Schematic diagram depicting Young’s equation for the static contact 
angle of a liquid on a solid surface (b) interfacial properties of a solid determined by 
contact angle values of a liquid droplet. (Adapted and reprinted with permission from 
Yarbrough et al Macromolecuoles, 2006, 39, 2521-2528 © American Chemical 
Society and courtesy of Iacono, S.T. Air Force. 
a 
b 
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were investigated by Chen and coworkers.298  Fomblins Z dol bearing bifunctional 
hydroxyl groups were shown to be efficient for decreasing the surface energy of the 
carbon substrate compared to non functional PFPEs due to the strong hydrogen bonding 
and packing structure associated with the hydroxyl end groups.  In another example, a 
terpolymer incorporated with crosslinkable Perfluoropolyethers were examined as an 
antifouling coating in marine applications.299  Based on contact angle measurements, the 
polymer showed significant hydrophobic properties which played a role in the removal of 
spore settlement compared to traditionally used coatings. 
Companies such as Solvay-Solexis (previously AUSIMONT S.p.A. technologies) 
have developed a variety of perfluoropolyethers that has tunable properties for use in a 
variety of different sectors.  The fluorinated moiety of the PFPE enables significant 
thermal and chemical stability while the tunability of chain ends allows for further 
reactions and post treatments for various applications such as soft lithography300, 
nanoparticle fabrication296 and microfluidics.301  For instance, synthesis of peroxidic 
perfluoropolyethers has been synthesized from hexafluoropropylene (HFP) that can 
undergo post-treatments to give a variety of different end-group substrates.302  Its 
attractive properties have made perfluoropolyethers a highly implemented fluorocarbon 
in high performance polymer applications.   
Among others, perfluoropolyethers have very high flexibility, low surface energy, 
low dielectric constants and low glass transition temperatures, typically exhibiting 
traditional elastomeric properties.  Its physical properties can be tuned by varying the 
molecular weight, chain composition and nature of end groups.  For example, dimethyl 
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acrylate cross linking moieties have been linked to perfluoropolyethers by DeSimone et 
al and utilized as an amphiphilic network with PEG to make strong free-standing films 
(Scheme 4.2).303 The crosslinked PFPE-PEG films showed optical clarity and had 
reduced water swelling dependent upon the amount of PFPE incorporated.  The low 
surface energy and high gas permeability of PFPEs have also shown advantages in the 
application of patterning nanostructured materials.  The ability of PFPE elastomeric 
molds can be photochemically cured to form nanostructured molds where a variety of 
substrates can be generated.304   
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While there has been many research efforts on the synthesis of perfluoropolyethers, 
the high reactivity of functional PFPEs and their resulting utility in a wide variety of 
applications, the aim of this chapter is to incorporate a fluorinated moiety into polylactide 
polymers, via ring opening polymerization or transesterification reactions that can 
ultimately effect surface properties of PLA for introduction into non-traditional 
applications. Fomblins, Z dols® have been used as macroinitiators in ROP or in 
transesterification reactions with lactide or PDLA respectively to form PFPE-co-PLA 
copolymers (Figure 4.3).  The influence of this fluorocarbon on polylactide affects both 
Scheme 4.2.  Synthesis of a PFPE/PEG amphiphilic network reprinted with permission 
from DeSimone, J.M. et a1. J. Am. Chem. Soc. ACS Asap, 2008 © American Chemical 
Society.302 
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thermal and physical properties of PLA, specifically its mechanical and morphological 
characters.  The approach described in this character shows the successful addition of a 
fluorocarbon covalently linked to polylactide with significantly improved properties. 
 
 
Perfluoropolyether-co-polylactide copolymers 
Synthesis of Perfluoropolyether-co-polylactide 
Commercially available hydroxyl terminated perfluoropolyethers (PFPE) of different 
molecular weights (Fomblin Zdols™, donated by Solvay Solexis, S.p.A.) were used as a 
macroinitiator in the ring opening polymerization (ROP) of lactide or as an initiator for 
transesterification reactions with amorphous PLA obtained from Cargill Natureworks™.  
Perfluoropolyether (PFPE) polymers offer an array of advantageous properties such as 
low surface energy, good oxidative stability, solvent and high temperature resistance.305   
 
 
Figure 4.3. Schematic diagram of routes to FP polymers. 
 
 105
Previous studies incorporating PFPE segments in polyesters306 and other fluorinated 
additives307,308 have been shown to improve intrinsic properties.  Copolymers of 1, 5, 10 
and 20 wt % PFPE segments (FP1-20) were incorporated using PFPEs of molecular 
weights (Mn) 1472 and 3561 using ROP determined by NMR analysis.  Higher degrees of 
PFPEs were incorporated using transesterification reactions.  The schematic of the 
reaction is shown in Scheme 4.3.  The successful reaction of perfluoropolyether diols 
with lactide and PLA can be attributed to the electron-withdrawing effect of the 
fluorocarbon moiety directly bonded to the alcohol group, when compared to its 
hydrogenated counterpart.  The inductive, resonance and field effects of the C-F bond 
contribute to the high reactivity of the alcohol chain end groups in ROP and 
transesterification reactions.  Both routes towards FluoroPLA polymers involved the use 
of Sn(Oct)2 catalyst in the reactions.  Upon incorporation of higher percentages of PPFE, 
molecular weight of the resultant polymer was expectedly lowered.  Characterization of 
polymers were made using 1H, 13C and 19F NMR.  FTIR, DSC, TGA, rheology and 
degradation studies experimental data is reported in Chapter 8. 
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Characterization of PFPE-co-PLA copolymers 
FTIR analysis of the FP copolymers showed the absence of the broad OH stretch at 
3360 cm-1 that is present in both homo PFPE and the respective PFPE/PLA blends.  
Monomer conversion and growth of polymer was determined by NMR analysis of the -
CH2- region for the perfluoropolyether and the -CH3 region for the PLA segments.  
Figure 4.4a and b describes 1H and 19F of the resulting FP-10 copolymer.  The 1H NMR 
spectrum of PFPE starting material is characterized by the multiplet at 3.5 ppm which can 
be assigned to the –CH2- signals of the perfluoropolyether segment and the hydroxyl 
proton signal at 5.2 ppm in the starting perfluoropolyether diol.  The hydroxyl proton 
signal is not visible in the FluoroPLA copolymers as expected.   
The shift of the –CF2CH2O- multiplet signals to 4.4 ppm from the original signals at 
3.5 ppm shows the effect of the new ester linkage.  The signals corresponding to PLA are 
Scheme 4.3  Schematic of different routes to FluoroPLA polymers. 
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a doublet at 1.56 ppm and a quartet at 5.1 ppm for the –CH3- and –CH- groups, 
respectively.  The 19F NMR spectra is similar to the perfluoropolyether precursor, except 
for the new signals for the -CF2CH2OR- (R = PLA units) segments at -77.4 and -79.5 
ppm compared to the starting –CF2CH2OH end group signals at -85.1 and -82.8 ppm.  
Minor signals from the unreacted perfluoropolyether end groups are slightly visible and 
integration allows for the determination of PFPE wt % incorporation.299,300   
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Figure 4.4a. 1H NMR spectrum of FP-10. 
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Selected NMR data are listed in table 4.3. Transesterification reactions of fomblins 
with amorphous PLA resulted in much more obtainable higher loadings incorporated 
within the backbone without adverse effects on molecular weight.  ROP afforded only 
low loadings due to the effects of initiator concentrations on these types of 
polymerizations.  NMR data on the transesterified FP polymers showed evidence of 
higher load ratios by standard integration methods (not shown). 
ppm
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Figure 4.4b. 19F NMR spectra of FP-10. 
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Detailed kinetic studies were investigated for the role of initiator and catalyst 
concentration on the molecular weight and efficiency of the ROP technique.  Different 
parameters such as the ratios of monomer to catalyst ([Mn]:[Cat]) time dependence on 
ROP was studied.  For a degree of polymerization up to 5000, the effect of added initiator 
compared to no additional OH content (PFPE diol) in the presence of Sn(Oct)2 catalyst 
showed similar growth in molecular weight.  However, at higher degrees of 
polymerization, the molecular weight growth decreases compared to catalyst only, which 
can be attributed to a higher degree of transesterification occurring in the FP polymer 
compared to PLA alone.   
Other studies indicated that the effect of PFPE diols in the ROP polymerization 
expectedly had a very fast initiation of lactide moieties compared to ROP with the tin 
catalyst only.  Figure 4.5 shows the rapid initiation of lactide rings which then remains 
relatively constant throughout the duration of the polymerization for the FP polymer, 
compared to the linear growth of the PLA homopolymer, which shows a time dependent 
Table 4.3. Selected properties of FP polymers and blends 
Sample PFPE Feed Wt % (exp)a 
Mnb 
x 10-3 Mw/Mn
b Tmc Tcc Tgc % cryst.d Tde 
PFPE 100(100) .5 1.1 - - -104 - 270 
PLLA - 57 2.1 176 111 61 51 253 
FluoroPLA1 1(.95) 58 1.8 173 96 54 53 245 
1%PFPEblend 1(.99) 58 2.7 175 109 59 51 243 
FluoroPLA5 5(4.8) 64 1.7 166 92 51 44 246 
5% PFPE blend 5(5) 57 2.8 174 102 58g, -101f 23 253 
FluoroPLA10 10(8.3) 51 1.9 174 104 59 37 251 
10%PFPEblend 10(9.7) 59 3.3 175 92 59g, -101f 46 265 
FluoroPLA20 20(17.2) 42 1.8 161 62 45 31 239 
20%PFPEblend 20(19) 60 3.6 175 92 60g, -99f 52 273 
aCalculated from 19F NMR, bDetermined by GPC, cDetermined by DSC, dDetermined from fully crystalline 
PLLA and DSC, eDetermined by TGA, fPeak associated with PFPE, gtransition associated with PLLA. 
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molecular weight increase. This explains the relative low molecular weight that occurs 
when higher OH concentrations are present in the ROP reaction as expected.  
 
 The molecular weight of copolymers was determined by gel permeation 
chromatography (GPC).  Relatively high molecular weights (Mn = 40-65K) were 
obtained with low polydispersities.  GPC analysis in Figure 4.6 shows a distinct peak for 
the FP-20 copolymer that is different from that for PLLA, PFPE and the corresponding 
blend.  The negative, inverted signal for the PFPE is due to the disparity of refractive 
indices between the solvent and the fluorinated oligomer.  It has been shown that low 
molecular weight fractions of Z dol or hydroxy functionalized PFPEs typically appear 
larger than it should be in elution curves of GPC, and gives a negative signal which is 
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Figure 4.5. Molecular weight effects with respect to time of ROP of lactide in the 
presence of Fomblins Z dols and without Fomblins Z dols. 
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attributed to the variation of the refractive index of the solvent and that of the sample.298  
The refractive index of Z dol polymers were reported to be between 1.291 and 1.293 with 
ranges dependent upon molecular weight.  Meyer and coworkers have also used a 
combinatory GPC-MALS characterization technique to efficiently account for molecular 
weight for this class of materials.309  The solvent, in this case α, α, α-Trifluorotoluene was 
used as a mobile phase and found to be an acceptable media for fluorocarbon polymers 
and dn/dc values were effectively calculated using the multiangle light scattering detector 
system.    
The combined chromatographic techniques employed have offered a way to correctly 
characterize the molecular weight and molecular weight distribution of fluorocarbon 
based polymers.  The formation of the ABA block copolymer is rationalized by the 
overlap of the positive and negative curves (cf. Figure 4.6b), whereas compared to the 
blend, the negative and positive curves corresponding to the PLLA and PFPE signals are 
eluted at different times as shown in Figure 4.6d.   
Higher weight percentages resulting from transesterified polymers showed large 
effects on the appearance of the elution curves as depicted in Figure 4.7.  The role of 
transesterification allows for increased loading of PFPE oligomers to incorporate into the 
high molecular weight commercial PLA resin. Polymer formation using ROP cannot be 
achieved with increased PFPE loadings as rationalized by the kinetic studies. 
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Figure 4.6. GPC chromatograms of (a)PLLA, (b)PFPE, (c)FP-20 and (d) 20 wt % PFPE 
blend.  
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Photographs of the new copolymers prepared from ring opening polymerization 
techniques compared to isocomponent blends show distinct differences in optical clarity.  
In contrast to a 5-20 wt % blends of PFPE in PLLA matrices, macrophase separation of 
PFPE and PLLA segments is obvious due to the opacity of the spun cast film, the FP 5-
20 copolymers are processed into clear tough plastic films (Figure 4.8).  Higher 
percentages of PFPE in FP polymers obtained through transesterification routes have 
limited clarity and increasing opaqueness as weight loadings are increased.   
 
 
Figure 4.7. GPC chromatograms of (a) FP-5 (b) FP-10 (c) FP-20 (d) FP-30 (e) FP-40 
(f) FP-50. 
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Glass transition temperatures (Tg by DSC) decreased with the increase in 
perfluoropolyether content (Figure 4.9).  With 20 wt % loading of PFPE, the Tg is 
lowered by 15-20 ºC from that of the PLLA homopolymer.  The changes in glass 
transitions can be attributed to the effect of PFPE content on the heat capacity and 
expansion coefficient of PLA alone.  Dense chain packing of the crystalline regions of 
PLLA is further interrupted by the elastomeric PFPE segments which affect volume and 
enthalpy variations associated with glass transitions.  These transformations offer 
rationale into the dramatic changes in mechanical properties (cf. Figure 4.14) when a load 
is applied.  In general, other DSC changes due to the inclusion of PFPE into PLLA 
include decreased crystallization temperature, melting temperature and overall 
crystallinity at high loading of PFPE.  At higher loadings obtained by transesterification, 
 
FluoroPLA5       FluoroPLA10       FluoroPLA20 
PLLA 
 
 
Figure 4.8. Photographs of spun cast films (from CHCl3) of PLLA, FP 5-20 
copolymers and the corresponding blends. 
     5%PFPE/PLLA     10%PFPE/PLLA    20%PFPE/PLLA 
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glass transition temperatures were affected and lowered as a result of PFPE 
incorporation. Selected property characteristics are shown in Table 4.3. 
 
Surface Properties of Perfluoropolyether-co-polylactide copolymers 
Addition of fluorinated additives and in particular crosslinked PFPEs have been known 
to dramatically lower surface energies.310 In a collaboratory effort, Dr. Akhilesh Singh, 
(Ph.D., MS&E) calculated contact angle measurements using a variety of polar and 
nonpolar liquids as shown in Figure 4.10a and the surface energy of PLLA and 
FluoroPLA copolymers were calculated by the Owens, Wendt, Rabel and Kaelble 
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Figure 4.9. DSC thermograms of (a)PFPE, (b) PLLA, (c) FP-5, (d) FP-10 and (e) 
FP-20. 
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method which assumes that the total surface energy is the sum of its polar and dispersive 
components.297,311  The solvent wettability results and surface energies using the Kaelble 
method are summarized in Figure 4.10b.   
The surface energy of PLLA was found to be in close proximity with literature values 
of 35-43 mN/m.312  Incorporation of PFPE, as low as 1 wt % of the PLLA segments, 
lowered the polar and dispersive components of PLLA from 8 mN/m and 27 mN/m to 2 
mN/m and 15 mN/m, respectively (Table 4.4).313 Further incorporation of PFPE segments 
did not alter the surface energies significantly yet increased the copolymer (≥ 5 wt %) 
hydrophobicity (water contacts angle ≥ 100 ± 0.8 º).  FluoroPLA copolymers showed 
surface energies very similar to polytetrafluoroethylene (PTFE) which is reported to be 
18-20 mN/m.314    
 
 
 
Table 4.4. Calculated Surface energies of PLA and PFPE/PLA copolymers313 
Surface Energy (mN/m) of PLA and PFPE/PLA copolymer                     
 Rabel (Regression)                            Kaelble (Average) 
Polymer Polar Dispersive Total Polar Dispersive Total 
PLA 8.2 26.8 35.0 9.3 28.6 37.9 
FluoroPLA1 2.4 15.2 17.5 3.6 16.3 19.9 
FluoroPLA5 1.2 14.5 15.6 1.7 16.2 17.9 
FluoroPLA10 1.6 15.0 16.6 3.8 17.3 21.1 
FluoroPLA20 2.4 14.3 16.8 4.9 17.1 22.0 
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Figure 4.10.  (a) Contact angles of copolymer films in various liquids and (b) 
summarized trend detailing surface energy and water contact angles for PLLA and 
FP copolymers. 
a 
b 
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AFM techniques have been used in many instances to measure friction and probe 
dynamic surfaces on a variety of substrates.  The type used in this instance is that of a 
contact mode or lateral force spectroscopy that involves a small Si based tip that is 
mounted to a cantilever, which comes into contact with the surface usually in a tapping 
fashion (cf. Figure 4.11).315  A measurable detection in the movement of the cantilever 
can determine phase and surface roughness by plotting feedback signals associated with 
the attractive repulsive forces of the tip with the substrate.  AFM has also been used to 
directly determine surface energies of polymers.  El Ghzaoui has measured adhesive 
forces between the AFM tip and different polymer samples such as polypropylene, 
polytetrafluoroethylene and polyurethane.316  Using Derjaguin approximations, 
correlation of surface energies with the adhesive forces were determined by atomic force 
microscopy and surface energies of the polymers were found to be in proximity to the 
measurements calculated using contact angles. 
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Surface morphological characterization of PLLA and FP copolymer films were 
investigated by Atomic Force Microscopy (AFM).  Height and phase images with the 
variation of 20 wt % of PFPE content in the PLLA matrix (FP 20) (cf. Figure 4.12) 
illustrates the effect of fluorine content on nanoscale morphology.  In the topographical 
mode, surface height is altered from neat PLLA to copolymer.  In the phase mode, 
nanophase separation is depicted by the white phases representative of the fluorinated 
domains which is increased as the degree of PFPE loading is increased.   
It is well documented that surface roughness can convey increased hydrophobicity of a 
material.317,318 Average surface roughness (rms) values increased from 200 nm to 400 nm 
 
 
Figure 4.11.  Schematic diagram of contact mode AFM. Reprinted with permission 
from Schönherr et al. Top. Curr. Chem. 2008, 235, 103-156 © Springer-Verlag Berlin 
Heidelberg 
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in the case of PLLA to FP-20. This observation offers a qualitative rationale for the 
increase in contact angles and changes in surface energies which is governed by the 
Young’s equation relating interfacial tensions among the surface to the liquid and gas 
phase of a water droplet as explained earlier in the chapter.319 AFM micrographs showing 
phase and height images for PLLA and FluoroPLA20 and water drop profiles of PLLA 
and FP films are displayed in Figure 4.12. 
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Figure 4.12. Atomic Force Microscope topology and phase studies on 1 x 1 µm 
images of (a) PLLA and (b) FP-20 polymers and sessile water drop images on spun 
cast films. 
a b 
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The complex dynamic viscosity data (cone-plate geometry) for PLLA, and FP 
copolymers of similar molecular weight ranges, exhibited significant reduction in melt 
viscosity after incorporation of as low as 1 wt% PFPE as shown in Figure 4.13a.  The 
flexible PFPE segments are likely acting as an internal plasticizer, allowing for improved 
flexibility in the PLLA polymer chains.  The copolymers are melt-processable at a 
temperature (175 °C), significantly lower than that of the PLLA homopolymer (190-200 
°C).   
Incorporation of flexible elastomeric segments in a brittle matrix have been known to 
improve upon a biopolymers ductility.[304-306]  FP copolymers film strips from solvent 
casting and melt-spun fibers were tested using an Instron tensile tester.  Tensile tests on 
thin strips of solution cast films and fibers of the copolymers reveal a stress-strain curve 
that is characteristic of a toughened plastic (cf. 4.14).  Presence of PFPE segments (~5 wt 
%) in the copolymer causes yielding of the specimen at constant yield stress and thereby 
enhances ultimate elongation of the fibers as shown in Figure 4.13b.   
At very low PFPE content (1 wt %) the effect is not very significant; whereas at very 
high PFPE content (10-20 wt %) the polymer molecular weight is significantly reduced 
and a weak brittle polymer is formed.  Compared to the hard, brittle PLLA homopolymer, 
which has a higher modulus (initial slope of curve) and low ultimate strain (10-15 %), the 
FP copolymer containing 5 wt % PFPE can be elongated to over five times the 
elongation of PLLA before failure occurs.  The tensile strength and modulus of the 
copolymers are slightly lower than that of the PLLA homopolymer.  The variation of 
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PFPE segment molecular weight in the 5 wt % copolymer further affects the ultimate 
strain. 
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Figure 4.13. (a). Complex Viscosity vs. Frequency @ 165 º C for PLLA(-●-), FP-1 (-
○-), FP-5(-▼-), FP-10(- -) and FP-20(-■-) copolymers and (b) Ultimate tensile 
elongation of (A)PLLA, (B)FP-5 (4.0K) and (C)FP-5 (2.0K) copolymer fibers. 
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Biodegradation studies have been performed in vitro to determine stability 
characteristics.  The effects that PFPE has on PLLA’s properties associated with 
hydrolysis and control of degradation can be determined by monitoring the polymer 
weight loss. Constant agitation for 60 days in Phosphate Buffered Saline solution (PBS) 
at 37 ºC in an incubator was performed to determine the rate of biodegradation.   
Figure 4.15a and 4.15b show that PLLA homopolymer undergoes a substantial decrease 
in molecular weight and mass loss as compared to the FP 5-20 copolymers.  The effect of 
incorporating PFPE into PLLA lowers the rate of degradation or hydrolysis of PLLA in 
vitro depending upon the amount of PFPE incorporated.  PLLA degrades at a faster rate 
in the PBS solution and hence % molecular weight remaining decreases significantly.  
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Figure 4.14 Stress-Strain curve of PLA, FP-5 and 5 wt % PFPE/PLA blend. 
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The GPC overlay chromatograms (shown as inset of mass degradation in Figure 4.15b) 
show the curves for PLLA and FP-20 samples aged in PBS solution for 42 to 70 days.  
For PLLA homopolymers, the eluent curves of aged samples are uniformly shifted 
towards higher elution time.  However, in the case of FP-20 the peaks of the curves for 
the aged samples are not distinctly separated indicating non-uniformity and a lower 
degree of hydrolysis or degradation. 
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Figure 4.15. Percent weight and molecular weight remaining as a function of time for  
(-●-)PLLA, (-○-)FP-5, (-▼-)FP-10 and (- -)FP-20 and GPC overlay 
chromatograms of (a) PLLA and (b) FP-20 
 129
Conclusion 
The use of fluorinated polyether oligomers for initiation of L-lactide monomer 
afforded the first FP copolymer of its kind.  Fluoropolyether segments impart optical 
clarity, improved ductility, reduced surface energy and water wettability, and excellent 
melt-processability with a minimum of fluorine incorporation.  Both ROP polymerization 
and transesterification techniques can offer a way to incorporate low to high loadings of 
perfluoropolyethers with reasonable molecular weights.  This can be particularly useful in 
altering PLA dependent upon its end-use application.  These novel polymers can be 
processed into fibers and films of desired properties for specific applications.   
Degradation of PLLA can be diminished significantly upon addition of PFPE 
segments.  This allows one to tailor properties of PLLA at various environmental 
conditions (humidity, temperature, pH etc.) for controlled biodegradation and 
permeability.  Incorporation of fluorinated oligomers to PLLA increases the general use 
for PLLA in oil, water and soil repellency.  These materials have potential to replace 
petrochemical based polymers in commodity areas such as plastics and textiles where 
properties can be tailored depending upon end use requirements. 
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CHAPTER FIVE 
BITHIOPHENE ENCHAINED POLYLACTIDES AS HIGHLY LUMINESCENT 
MATERIALS 
Introduction 
The widespread interest in conjugated systems is due to their extended π-electron 
networks and as such, they are useful in the fields of optoelectronics, microelectronics, 
solar energy conversion and sensing systems.320,321  Ever since the discovery of highly 
conductive polyacetylenes, widespread interest in the design, properties and applications 
of π-conjugated polymers has increased.  The introduction of chromophoric molecules in 
polymers through covalent bonding and/or blending techniques enable  the fabrication of 
nano-structured and micro-structured film or fiber materials that cannot be accomplished 
with small chromophoric molecules and can have envisioned use in optical, non-linear 
optical, electro-optical and sensing technologies.    These polymeric materials have been 
an increasingly efficient element in the design of multifunctional systems in relation to 
their interesting electroluminescence, high photoluminescence, high quantum 
efficiencies, mechanical and thermal stability.   
Poly(thiophene)s, poly(p-phenylene)s, poly(p-phenylenevinylene)s, poly(fluorene)s, 
poly(aryleneethynylene)s  and poly(acetylene)s are a few of the many π-conjugated 
systems that exhibit supramolecular properties (i.e. exhibit charge transport), have 
efficient electrical and optical properties with significant binding activity and selectivity 
towards anions (Figure 5.1).322  These polymers are able to undergo transfer of excitation 
energies that can result in amplified fluorescence signals in the presence of external 
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stimuli or analytes.  Particularly, in the area of sensor based technologies and analyte 
detection, the mechanism of fluorescent amplification can be singularly useful.  As a 
result, various research groups have focused on the design of conjugated polymer based 
chemical sensors for targeting of trace analyte detection that can be of use in 
environmental monitoring, chemical and bio- warfare, homeland security and clinical 
diagnoses.314,323,324,325  
 
The various types of optically-based signal transduction events have been noted in 
previous literature, and have been evidenced as the main mechanisms in conjugated 
polymer-enabled sensing.  The first is fluorescence resonance energy transfer (FRET), 
the second is analyte induced aggregation and the third involves analyte induced 
conformational changes.  In FRET, exciton transfer from a donor molecule or 
fluorophores to an acceptor molecule can occur at certain distances that can result in 
 
 
Figure 5.1. Examples of conjugated polymers. 
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reduction of the donor’s fluorescence and an increased or amplified fluorescence of the 
acceptor molecule. Forster’s theory, which states that the efficiency of this process 
depends upon the distance/overlap of the acceptor and donor moiety spectral properties 
that can enable significant energy transfer, is the basic requirement of this 
mechanism.326,327  This can be expressed in terms of the following equation: 
kT (r) = 1/(τD) (R0/r)6  
where r is the distance between the donor (D) and acceptor and τD is the lifetime of the 
donor without the presence of energy transfer.  This technique enables fluorescent 
measurements that are responsive to the exciton transfer processes.  For instance, Li and 
coworkers designed conjugated polydiacetylene (PDA) vesicles that combined dansyl 
moiety (donor) to PDA (acceptor) (Figure 5.2).328  Thermal stimulation resulted in a 
highly efficient FRET process that was attributed to the significant overlap of emissions 
of donor with absorption by the acceptor.  
 On another note, the second transduction event that can occur involves interchain 
interactions between the chains in the conjugated polymers when a quencher molecule is 
present.  This analyte induced aggregation can be evidenced in superquenching processes 
that can be used as a viable detection method.316  The superquenching process defined by 
Zeineleden et al. as “a system (fluorophore or polymer containing several fluorophores) 
having a quenching constant enhanced by a factor of 104 M-1 or more, compared to 
“static” Stern-Volmer quenchers for single molecule fluorophore-quencher 
combinations” was shown to occur in conjugated polyphenylenevinylene derivatives in 
the presence of a substituted anthraquinone.329  The quenching process was attributed to 
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binding of the anthraquinone (quencher) to the cationic polyelectrolyte 
polyphenylenevinylene (fluorophores) and simultaneous aggregation of the fluorophores. 
 
 
 134
 
 
 
 
 
 
Figure 5.2. Flourescent diacetylene monomer with PEG spacers (R) and liposome 
synthesis and changes associated with FRET processes adapted with permission from 
Li et al J. Phys. Chem. 2008, 112, 13262-13272 © American Chemical Society. 
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The last signal transduction mechanism normally occurs with conjugated polymers 
bearing rigid backbone moieties such as polyfluorenes and polythiophenes.  These 
polymers can undergo conformational based changes in their optical properties.  LeClerc 
and coworkers have shown the strong chromic feature changes of polythiophenes in the 
presence of external stimuli and analytes.317,330  In particular, they exhibited the binding 
effects of DNA and proteins on cationic water-soluble polythiophenes (Figure 5.3).  The 
cationic polythiophenes enable significant detection and analysis of single stranded DNA 
aptamers.  As shown in Figure 5.3, they proposed that cationic polythiophene exists in a 
non planar random coil formation whereupon complexation with a complimentary single 
stranded DNA, it adopts a highly planar conformation resulting in a red-shifted 
absorption.    
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Within this class of materials, thiophene based π-conjugated oligomers and polymers 
have been extensively investigated due to their unique electronic properties, the change in 
optical properties in response to environmental stimuli such as solvent, binding to other 
species, conformational changes and the ability to diversify the structure of the backbone 
through pendant group functionalization.331,332,333  Towards this purpose, there is 
considerable precedence towards the design of functional oligothiophenes and/or 
polythiophenes and their utility in a variety of applications such as field effect 
transistors334, light emitting diodes335, photovoltaic cells336 and optical sensing 
systems.317,322   
 
Figure 5.3. Conformations and corresponding UV-Vis absorption spectra and 
colorimetric changes associated with addition of complementary and non-
complementary DNA strands adapted from Ho et al. Acc. Chem. Res. 2008, 41, 168-
a b 
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Despite the progress on thiophene based π-systems, they remain inherently stiff, 
insoluble and rod-like, resulting in poor processability and poor solubility for fabrication 
in thin film and fiber applications.  Significant research has been done to improve the 
properties of these materials; and can be achieved through various techniques 
incorporating more flexible, water soluble, and/.or electro-active side chains, 
incorporated directly in the back bone.  For instance, it has been shown that the addition 
of sulfonatepropoxy functionality can induce water solubility to the thiophene based 
system, while also allowing the interesting self-doping properties of the polymer.337   
Although the concept of conjugated polymers has advantages over their small 
molecule counterparts, there are still limitations that necessitate continued research 
efforts.  For instance, the difficulty in purifying the polymers and lowered quantum 
efficiencies due to non-radiative pathways can affect the overall utility in chromophore 
based applications.  Polymeric sensor arrays that employ small chromophore molecules 
enchained in a non-conjugated polymer matrix allow for the advantages of both 
macromolecular architectures which can be exploited as a simple protocol for analyte 
detection due to ease of synthesis, fabrication into thin films or fibers, stability and 
biocompatibility, especially in the areas of diagnostic and sensing technologies that can 
serve as alerts for contamination in various gas and liquid systems.   
The development of new polymeric materials based on renewable resource polymers 
is a topic of great interest and is still driving research towards the development of a more 
sustainable renewable resource based economy. In this chapter, the design of polymeric 
sensors using simple bithiophene organic chromophores bearing pendent hydroxyl groups 
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as macroinitiators for the ROP polymerization of Poly (Lactic acid) (PLA) will be 
discussed. 
 
Chromophore enchained polylactide copolymers 
Synthesis of hydroxyl functionalized bithiophene monomers 
 
The synthesis of the bithiophene bisphenol derivatives was carried out with particular 
detail due to their reported utility as highly fluorescent materials with relatively high 
quantum efficiencies.  These organic precursors were designed using one of the most 
well-known and efficient reaction procedures.  Some of the most useful reactions 
employed for formation of π-conjugated C-C bonds, particularly biaryl synthesis, are the 
Suzuki-Miyaura338, Heck-Mizokori reactions339 and Sonogashira coupling reactions.340  
The two monomers selected were bis (4-hydroxymethyl phenyl)-2,2’-bithiophene (M5.1) 
and di (4-dihydroxyperfluoropolyether phenyl)-2,2’-bithiophene (M5.2) and were 
synthesized using Suzuki cross-coupling reactions.   
Suzuki coupling reactions are a palladium catalyzed cross-coupled reaction involving 
an organo-boronic acid and electrophile such as an aryl, alkenyl or alkynyl halide.341  
This reaction is useful because it provides a way to link symmetrical and nonsymmetrical 
compounds through carbon-carbon bond formation, and thus, is one of the more 
important synthetic transformations that are vital towards the generation of novel organic 
materials.  The control and selectivity of Suzuki coupling makes it one of the most highly 
used and versatile methodologies in the 20th century. The reagents are relatively nontoxic, 
readily available and the reaction requires low loadings of catalysts.342  The Suzuki-
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Miyaura reaction has evolved over the years with significant improvements in its 
methods and conditions.  Organoborons, an important class of reagents in the palladium 
catalyzed reaction, increased the widespread use of Suzuki couplings due to the facile 
synthesis of a extensive variety of functional organoboranes via hydroboration, pioneered 
by Herbert C. Brown who subsequently won the Chemistry Nobe1 Prize in 1979.334  
Suzuki, also made the important discovery that of addition of bases aided in increasing 
product yields for the C-C coupling reaction due to an increase in the carbanion nature of 
the boronic acid.334   
The Suzuki reaction is believed to go through a catalytic cycle that revolves around 
Pd (0) and Pd (II) oxidation states.  It involves a sequence consisting of oxidative 
addition, metathesis, transmetallation and reductive elimination.343  In the oxidative 
addition step, insertion of the palladium catalyst (Pd (0)) in the Ar-X bond occurs with 
cleavage of the sigma bond to form two new bonds (see Scheme 5.1).  In the presence of 
base, a metathesis transformation occurs with ligand substitution. The transmetallation 
step involves reaction with the palladium II adduct and the alkyl boronic acid and the 
fourth step is a unimolecular reaction where the Pd(II) is reduced back to Pd(0), which 
can resume the catalytic cycle by oxidative addition and the halo-aromatic compound is 
formed.344,345,346  
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Monomer Precursor (M5.2a) and Monomer 5.1 were synthesized using a modified 
Suzuki-Miyaura procedure that coupled boronic acid derivatives with dibrominated 
bithiophene (scheme 5.2).  The yields obtained after purification were relatively low 
(~42%) presumably due to decomposition of the palladium catalyst due to the sulfur 
containing compounds as mentioned in the literature and partial insolubility of thiophene 
based reagents and intermediates.347,348  Monomer purification was carried out via 
recrystallization in hot DMSO.  These compounds were characterized using 1H and 13C 
NMR spectroscopy and elemental analysis (C, H and S).   
Scheme 5.1 Generalized mechanistic palladium catalyzed cycle for Suzuki-Miyaura 
Reaction.  I. oxidative addition, II. metathesis, III. transmetallation, IV. reductive 
elimination.342 
 
I
II III 
IV 
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Monomer 5.2 was synthesized using standard Mitsunobu conditions between the 
perfluoropolyether diol and the dithiophene bisphenol (scheme 5.3).  Mitsunobu coupling 
is a convenient and versatile method for reactions of an alcohol with an acid or 
pronucleophile such as a carboxylic acid or phenol. Standard protocol typically uses 
diethyl azodicarboxylate (DEAD) and triphenyl phosphine (TPP) for the substitution 
reaction.349,350 Its advantages include very mild reaction conditions, high yields and 
reagent recoverability, if modified using polymer supports.  
Proton NMR for M5.1 and 19F NMR for M5.2 was used to determine the successful 
conversion of both reactions and are in good agreement with the proposed molecular 
structures after workup. For M5.2, the 19F NMR spectra is similar to the 
perfluoropolyether precursor, except for the new signals related to the -CF2CH2OR- (R = 
bithiopehene bisphenol units) ether linkages at -79.5 and -82.1 ppm compared to the 
starting –CF2CH2OH end group signals at -84.1 and -82.8 ppm.   
Scheme 5.2 Synthetic strategy of monomer M5.1 and precursor M5.2a. 
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Fluorine incorporation is known to have advantageous properties on conjugated 
materials.  In particular, Perfluoropolyether (PFPE) polymers offer an array of 
advantageous properties such as low surface energy, good oxidation, solvent and high 
temperature resistance.298   The addition of the PFPE segments should confer significant 
advantages on the phenyl-bithiophene monomer. The perfluoropolyether chains are 
known to impart morphological aggregation which can result in alignment of the 
thiophene groups.  An excellent review detailing the effect of fluorine on the optical and 
electronic properties of traditional conventional systems was published by Babudri and 
coworkers.351   The contributory effect of fluorine was shown to lower HOMO and 
LUMO energy levels resulting in increased electroluminescent efficiencies and also 
assisted in high control of π-stacking in conjugated systems that can be useful in OFET 
applications.  For example, the effect of fluorine on polythiophene based systems (Figure 
Scheme 5.3 Synthetic scheme detailing formation of di(4-dihydroxyperfluoropolyether 
phenyl)-2,2’-bithiophene (M5.2) 
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5.4) showed a decrease in coplanarity of the thiophene backbone, improved 
hydrophobicity and rigidity compared to its hydrogenated counterpart.352     
 
Polymer Synthesis and Characterization 
Novel chromophore enchained polylactide polymers (P5.1 and P5.2) were prepared 
via ring opening polymerization of L-lactide in the presence of the respective monomers 
as shown in Scheme 5.4. Variable feed mole percents (1-10 mol %) were investigated and 
5 mol % incorporation of the monomers into the polymer was shown to have the desired 
properties.  The chromophore containing polymers were synthesized in the presence of 
Sn (Oct)2 and reacted for 24 hours at 120 °C with good yields (>90 %). Introduction of 
the chromophore in the PLA backbone caused good solubility in various solvents 
compared to their monomer counterparts.   
The chromophore enchained polymers (5 mol % of M5.1 and M5.2) was 
characterized by 1H and 13C NMR, DSC, and TGA.  Further information and 
experimental details are presented in Chapter 8.   In all cases, the actual amount of the 
chromophore segment incorporated into the PLA backbone was in agreement with the 
calculated mol % ratio by NMR.  Selected properties of monomers and polymers are 
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Figure 5.4. Some fluorinated bithiophene analogues349 
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listed in Table 5.1.  GPC data revealed molecular weight values (Mn x 10-3) of 36 and 27 
with polydispersities of 1.5 for polymers P5.1 and P5.2 respectively. 
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Scheme 5.4. Scheme of ring opening polymerization of L-lactide in the presence of 
M5.1 and M5.2 initiators to form (I) P5.1 and (II) P5.2. 
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adetermined by GPC, bDetermined by DSC analysis, cDetermined by TGA, dsolution 
absorption in CHCl3, eSolution emission in CHCl3 at λmax, fquantum yield measured using 
quinine sulphate as standard.353 
 
In DSC studies, no significant transitions were observed for monomer M5.1 in the 
selected thermal range.  In comparison, a low observable Tg at -13 °C for monomer M5.2 
was seen and attributed to the perfluoropolyether segment.   No significant changes were 
detected for the thermal transitions of PLA upon encapsulation of the chromophore.  The 
polymorphic transition temperatures are shown in Table 5.2.  Thermal stabilities of the 
monomers, polymers and PLA were determined using TGA and shown in Figure 5. The 
chromophore encapsulated polymers had slight decreases in thermal degradation 
temperatures (256 °C and 261 °C for P5.1 and P5.2, respectively) compared to that of 
PLA (269 °C).  The monomers showed very high thermal stability in the range typically 
reported for that of bithiophene derivatives.331,332 
Table 5.1. Selected Properties of monomers, polymers and PLA 
Sample Mn (x10-3)a Mw/Mn
a Tgb Tcb Tmb 
Td 
(N2)c 
λmax 
nmd 
Ems 
nme Ф
f 
PLA 58 1.9 61 98 169 268 - - - 
M5.1 0.45 1.1 - - - 388 387 437 0.18 
M5.2 2.3 1.3 -13 - - 378 379 443 0.07 
P5.1 36 1.5 54 95 167 261 380 438 0.11 
P5.2 27 1.5 55 97 165 261 375 441 0.10 
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Optical Properties 
The significance of the chromophore on the luminescent properties of the PLA 
polymers is shown if Figure 5.6.  Significant luminescence is observed for the monomers 
in solution when irradiated under UV lamp light. With loadings of as low as 1 mol % of 
the chromophore encapsulated in the polymer, the luminescence is observed both in the 
solid state and the spun cast film.  The polymers obtained were fibrous and had good 
solubility in various solvents.  Electrospun mats and spun coated films were fabricated 
with high observable luminescence, showing the relative ease for polymer processing in 
fiber and film applications. Optical properties for the respective solutions are shown in 
Table 5.1.  The ability to process the polymer into highly fluorescent polymer fiber and 
film materials have been realized with very low incorporation of chromophore monomer 
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Figure 5.5. Thermal degradation for M5.1, M5.2, P5.1, P5.2 and PLA. 
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suggesting that the π- π* transition of the thiophene units are not affected by the PLA 
polymer chains.   
 
The optical properties were studied by UV-Vis spectroscopy and photoluminescence 
spectroscopy in the solution state and shown in Figure 5.7 and 5.8.  Monomer M5.1 had a 
maximum absorbance at 387 nm and a maximum emission at 437 nm taken at the λmax 
excitation wavelength. The absorption maxima bands attributed to the π-π* transition of 
the thiophene in M5.2 is at 379 nm and 443 nm for the emission maxima.  The emission 
and absorption spectra is similar to the reported values obtained for oligothiophenes.331  
The polymers exhibited absorbance maxima nm of 380 and 375 and emission maxima of 
438 and 441 nm for P5.1 and P5.2 respectively. Polymer P5.1 is slightly red-shifted to a 
 
Figure 5.6. Images detailing (a) M5.1 in solution state and under UV light (b) 
Electrospun mat of P5.1 irradiated by UV light (c) M5.2 in solution state and under 
UV light. (d) P5.1 as a precipitated polymer under visible and UV light (e) P5.2 as an 
electrospun film through a photomask (f) P5.2 as a precipitated polymer under visible 
and UV light 
a b c 
d e f 
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higher wavelength compared to M5.1.  However, the effect of the polylactide is 
negligible in the shape and width of the absorbance curves.  The double emission bands 
attributed to the bithiophene moiety also remains in the same range.  For the polymer 
P5.2, the higher absorbance can be presumably attributed to less aggregation effects, yet 
there are no significant changes in the emission spectra compared to its monomer 
counterpart.  M5.1, M5.2, P5.1 and P5.2 exhibited relatively large Stokes shifts of 50, 64, 
58 and 66 nm, respectively.   
 
 
M5.1
P5.1
M5.1
P5.1
 
Figure 5.7. Absorption and emission spectra of M5.1 and P5.1 
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The Stokes shift in solution remained somewhat constant for the transformation from 
monomer to polymer.   The solution state quantum efficiencies were calculated and 
compared to the standard quinine sulfate.353  The values for monomer/initiator are similar 
to that of their corresponding polymers.  The addition of the polylactide chains did not 
increase the efficiency of the monomers, which can be attributed to the flexibility of the 
polymer.  It has been noted that quantum yields can be affected by the rigidity of the 
polymer.  For instance, it has been shown that rigid polymers have reportedly higher 
quantum yield efficiencies compared to flexible chain groups, increasing non-radiative 
pathway emissions.354,355   
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Figure 5.8. Absorbance and Photoluminescence emission of M5.2 and P5.2 
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Fluorescent anion sensing of chromophore embedded polymer 
Fast growing research fields related to the area of optical sensing have received great 
interest as shown in earlier examples in the chapter.  In particular sensors based on small 
conjugated small molecules and polymers have been shown to be sensitive to external 
stimuli via amplification or changes in their optical responses.317,322,356  For instance, a 
review detailing a variety of indole and carbozole based small molecules and polymers as 
anion sensing receptors have been published by Gale.357  It was previously shown that 
thiophenes can act as good sensors based on their the changes in its optical response due 
to conformational transformations in the presence of external stimuli.317,358  Similarly, 
Kim et al showed the ability of oligothiophene-based(Carboxamido) 
trifluoroacetophenones as suitable turn-on fluorescent polymers in the presence of acetate 
(Figure 5.9).359   As mentioned earlier in the chapter, the fluorine content should aid in 
the amplification of the optical responses due to its electron withdrawing properties 
versus its hydrocarbon counterparts.341,348,360    
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The aforementioned examples illustrate and provided inspiration for the design of 
bithiophene based chromophore encapsulated polylactide materials as chemical sensors 
for anion detection.  Initial screening of the M5.1, M5.2, P5.1 and P5.2 for anion sensing 
was undertaken by adding excess anions (F–, I–, CN–, PO43-) as tetrabutylammonium 
(TBA) salt to THF solutions while visually assessing optical changes (Figure 5.10 and 
 
 
Figure 5.9. Schematic detailing turn on fluorescence of oligothiophene and UV-Vis 
titration curves in the presence of acetate anion reprinted with permission from Kim, 
et al. J. Org. Chem. 2008, 73, 6831-6834 © American Chemical Society 
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5.11). A strong colorimetric change of pale solutions for M5.2 and P5.2 was noted only 
in the presence of fluoride or cyanide.  Iodide produced very slight darkening for all THF 
solutions, but only when the solution was saturated by addition of solid TBAI.  It has 
been shown that induced quenching of chromophores by iodide can occur via electron-
transfer mediated pathways.361,362  For example, Meyer et al. has showed that iodide can 
quench the photoluminescence of  Ru(II) polypyridyl complexes with significantly high 
stern-Volmer constants (40 000 M-1).361  It has been presumed that electron transfer from 
the iodide to the singlet or triplet excited state energy levels of the chromophore results in 
significant quenching effects as exhibited in Figure 5.10 and 5.11.362 No colorimetric 
change was apparent for any of the other anions screened.  For M5.1 and P5.1, no 
significant visible changes were noted. The poor ability of the M5.1 and P5.1 samples to 
successfully detect anions by visual eye responses is due to the effect of the –CH2OH 
group attached to the bithiophene bisphenol moiety.  It provides flexibility to the 
otherwise rigid chromophore that can result in monodentate binding (while still retaining 
its non planar form) with the anion as compared to the changes that are observed via of 
bidentate ligand binding with the M5.2 and P5.2 samples.   
The fluorine content of M5.2 and P5.2 can also assist in the π-staking ability of the 
bithiophene via electron drawing effects, thus forcing the bithiophene into a planar 
formation, giving significant changes in optical visual responses.   
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Figure 5.10. Visual Colorimetric and fluorescent binding responses for M5.1 and P5.1 
to excess TBA anion salts in THF solution under UV irradiation.
 
Figure 5.11 Visual Colorimetric and fluorescent binding responses for M5.2 and P5.2 
to excess TBA anion salts in THF solution under UV irradiation. 
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This visual test provided qualitative results on the influence of fluoride and cyanide 
anions on the optical response of the monomers.  UV-Vis spectroscopic titrations with 
TBAF and TBACN were done for each monomer (M5.1 and M5.2) and its respective 
polymer (P5.1 and P5.2).  Results of titrations for M5.1 and P5.1 and M5.2 and P5.2 
with TBAF and TBACN are shown in Figure 12 and 13. No significant transition 
changes of M5.1 and P5.1 by UV-Vis titrations were apparent. For M5.2 and P5.2, the 
presumed diphenylbithiophene-centered π-π* transition at 379 and 375 nm diminishes as 
new features at approximately 421 nm appear upon fluoride and cyanide ion addition.  
With 1 equivalent of TBAF to the chromophore, there was 8-fold emission intensity with 
a 42 nm red shift change for both M5.2 and P5.2.   
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M5.1 -TBAF M5.1 -TBACN
 
P5.1-TBAF P5.1-TBACN
 
 
Figure 5.12 UV-Vis Titrations of M5.1 and P5.1 before and after additions of TBAF 
and TBACN. 
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Typically, the chemosensors employed as F- and CN- ion detectors undergo optical 
signal transduction events that allow for significant colorimetric and/or fluorescent and 
electrochemical changes.  Particularly with fluoride, the response associated with the 
binding event is known to be attributed to hydrogen bonding interactions with the 
chromophore host.363  The fluoride in this case, can hydrogen bond to the 3H atoms of the 
thiophene moiety through bi-dentate ligand binding for P5.2 and M5.2 as compared to 
possible monodentate ligand binding for M5.1 and P5.1 that result in no observable 
M5.2-TBAF M5.2-TBACN
 
P5.2-TBAF P5.2-TBACN 
 
Figure 5.13.  UV-Vis titrations of M5.2 and P5.2 before and after additions of 
TBAF and TBACN.
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optical responses due to no changes in the conformation of the thiophene backbone as 
reported by Coles and coworkers (Scheme 5.5).352  However, their studies concluded that 
participation of another H-bond donor was required for stable fluoride binding 
transitions.364  The additional of the perfluorinated groups aided in enhancing the binding 
affinity of the fluoride anion to the thiophene moiety.   
 
 
 
 
 
Scheme 5.5. Unbound nonplanar conformation of bithiophene encapsulated polymers 
(P5.1 and P5.2) and subsequent binding conformations with metal ions ligands 
(MLn).352 
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Conclusions 
It has been shown that both monomers and polymers exhibit high luminescent 
properties.  By encapsulating single bithiophene based chromophores into a renewable 
resource polymer, a readily processable, highly fluorescent material can be achieved.  We 
have shown the utility of PLA based sensor systems that exhibit high sensitivity towards 
F- and CN- anions.   
Specifically, the 5,5’ di-4-perfluoropolyether bithiophene monomer and 5,5’ di-4-
perfluoropolyether bithiophene polylactide copolymer shows the most significant 
colorimetric and emission change for both the CN- and F- (TBA) salt additions. All 
polymers exhibit better solubility in various solvents, thus rendering facile processability 
towards fabrication of solid state sensors, as compared to their monomeric counterpart.  
Further work should include the development of solid state materials, i.e. films and fiber 
mats that can undergo optical responses in the presence of analyte such as fluoride and 
cyanide.  The current sensing ability has been shown for solution state using organic 
solvents.   
We envision this strategy can allow for the development of renewable lactide derived 
sensors that can detect analytes in both solutions and solid state by altering the 
encapsulated molecular recognition supramolecules. This renewable technology platform 
can have a beneficial impact not previously known in sensing applications such as 
incorporating modified polyphenylenevinylenes for nitroaromatic monitoring in 
explosive detection and modified bypyridyl moieties that can be used in metal ion 
sensing such as Ca2+ and Hg2+. 
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CHAPTER SIX 
FOUR ARM STAR THIOCARBOHYDRAZONE AS MACROINITIATOR FOR 
DENDRIMER-LIKE POLYLACTIDE POLYMERS 
Introduction 
Dendrimer-like and other hyperbranched polymers have been employed as a powerful 
synthetic tool for use in applications that require “site isolation” of chromophoric units, 
modular components for multi-functionality, compartmentalization, and controlled 
response of the active core due to the protective surrounding polymer arm groups.365   
The intrigue of these supramolecular structures has attracted wide interest as 
understanding their capability and utilizing their unique properties are continuously being 
explored.  These exceptional attributes have been advantageous in many diverse 
applications such as catalysis,366 drug delivery and encapsulation,367,368 chemical and bio-
sensing,369 organic light emitting diodes370, photovoltaic cells371 and surface 
modification.372   
The term “dendrimer-like” polymer first termed by James Hedrick is defined as 
“macromolecular globular structures comprising of a central core, a defined number of 
branching points and possible end-group functionality” (Figure 6.1).373  Typically there 
are three parts to a dendrimer-like polymer; the core, its dendrons or outer shell and its 
multivalent surface that usually can contain functional or reactive groups.  The core can 
be used to impart a specific function to the supramolecule and display different properties 
than the rest of the supramolecule.  The outer shell, used as a protective device can also 
impart strength, flexibility, enhanced solubility and additional interactions with the 
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surrounding media.351,363  The multivalent surface may contain a high number of 
functionalities that can enable further chemistry towards increased generations, increased 
guest-host interactions, surface modifications and controlled hydro-phobic or -philic 
properties. 
 
The end group or periphery groups can be tailored specifically for its effects on the 
physicochemical properties of the dendrimer.  One approach utilizing this strategy was 
the synthesis of anionic amphiphilic dendrimers bearing acid and alkyl salt 
functionalities.374 The amphiphilic nature promoted the increase of non-toxicity and 
antibacterial properties for the anionic dendrimer.  The outer shell or dendrons can also 
be targeted to perform the prime function of the dendrimer.  For example, Polylactide-co-
poly (ethylene glycol) star polymers were evaluated as drug carrier vesicles.  The PEG-
co-PLA outer shell was designed and shown to be an effective stabilizer between the 
hydrophobic core molecule and surrounding medium.356    
 
Figure 6.1.  Example of first generation dendrimer like star polymer 
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The core can be an integral part in determining the end use application of the 
dendrimer-like star polymer.  This unit that normally provides the first level of polymer 
branching can have specific tailored functions.  For instance, Lee et al synthesized a 
dendrimer containing a fluorene core was used as a blue light emitting material (Figure 
6.2).375  The fluorene-core containing dendrimer was a highly luminescent chromophore 
with absorption and emission changes dependent upon generation of the hyperbranched 
molecule.   
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The Core – Thiocarbohydrazones 
Thiocarbohydrazones or thiocarbonohydrazones are an important class of compounds 
that have a distinctive set of properties that facilitates their entry into a wide variety of 
applications (Figure 6.3a).  The active thiourea site is the instrumental unit for the 
potential applicability of these compounds.  It has been shown by Frank and coworkers 
that the thioamide (C=S)NH or urea group protons are much stronger hydrogen bonders 
than that of the oxo amide (C=O)NH protons.376  The pKA for the thioamide proton is 
considerably higher than that of the oxoamide proton i.e. ~12 vs. ~17, and thus the 
binding affinity or metal chelating ability is significantly enhanced due to its increased 
 
 
Figure 6.2.  Structure of fluorene core dendrimer and UV-Vis and PL spectra for 
different generations of dendrimer 3-G1 (red), 3-G2 (green), 3-G3 (blue), and 3-G4 
(cyan) reprinted with permission from Lee, J.W et al. Mol. Cryst. Liq. Cryst. 2008, 
491, 164-172 © .   
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acidity.   The thioamide group due to the addition of sulfur is also known to have a higher 
rotational barrier and enhanced polarity compared to its oxoamide counterpart.377,378  
Figure 6.3b lists some major differences between the oxoamide and thioamide bonds.379 
 
 
Due to the significant hydrogen bonding activity and high degree of barrier rotation, 
thiocarbohydrazones have been utilized in applications spanning from metal coordination 
ligands380, to chemo sensors377 and antimicrobial and antifungal agents.381  During the 
last decade, there has been widespread growth on the metal chelating ability of various 
thiocarbohydrazones.  These ligands have been known to form multi nuclear complexes 
for many metals through self assembly.382   For instance, copper (II) di-nuclear 
complexes of a methoxy-bis (salicylaldehyde) thiocarbohydrazone were synthesized and 
 
Figure 6.3. (a) Different forms of thiocarbohydrazide and (b)comparison of oxoamide 
and thioamide bond properties.372,373 
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were determined to have two nonequivalent donor sites.383 The coordination behavior 
was shown to influence both its spectral and magnetic properties. 
Another major application for bisthiocarbohydrazone derivatives and its metal 
complexes is its use as antimicrobial and antifungal agents.  Much research has been 
done on the antimicrobial and mutagenic activity for a variety of bisthiocarbohydrazone 
ligand derivatives and their complexes with various metals.384  A series of 
thiocarbohydrones complexes of Co(II), Ni(II) and Cu(II) was synthesized by Patil et al 
and found to have significant antimicrobial properties for bacteria strains: Escherichia 
coli, Streptococcus aureus, Streptococcus pyogenes and Pseudomonas aeruginosa.385  
With a concentration of 25 µg·mL-1 in the assay, the metal complexed 
thiocarbohydrazones had a minimum inhibitory concentration as low as 10 µg·mL-1 
compared to that of flucanozole, a commercial antibacterial agent, which had an MIC of 
>100 µg·mL-1.   
The thioureas moiety is known to be an efficient receptor, specifically for binding 
mechanisms that revolve around perturbations due to hydrogen bonding.  The signal 
binding event is known to be caused by either a hydrogen bond delocalization or amide 
(NH) deprotonation.386  Most recently, a thiourea-mercury ditopic complex was evaluated 
as a colorimetric sensor by Liu and coworkers.  Significant absorbance spectral changes 
occurred upon addition of fluoride ion resulting from hydrogen bonding with the mercury 
complex.387  Similarly, thiocarbohydrazones have been investigated as chemosensors and 
are known to be selective, colorimetric and ratiometric sensors for anions.382   A wide 
range of thiocarbohydrazones with varying subgroups were investigated for anion 
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detection by Sun et al.388  It was found that the additional anthryl (CH=N) protons along 
with the thioamide group were found to have a better stabilizing effect on the hydrogen 
bonded complex than that of thioureas moiety alone.  Figure 6.4 shows the effect of 
fluoride addition to a bithiocarbohydrazone containing nitro groups. 
 
 
Thiocarbohydrazone-PLA dendrimer-like star polymers 
Motivation 
The incorporation of thiocarbohydrazone derivatives into polylactide can offer an 
array of advantageous functions due to the thiourea functional group.  It has been shown 
to act as a catalytic site in a variety of enantioselective reactions such as the Mannich389, 
Michael390 and Diels-Alder reactions.391  The ability of thiourea derivatives have also 
been used in ring opening polymerizations of lactide by Hedrick et al.392  The activation 
 
 
Figure 6.4. (a) structure of thiocarbohydrazone and (b) absorbance spectra detailing 
addition of F- anion reprinted with permission from Han, F.; Bao, Y.; Yang, Z.; Fyles, 
T.M.; Zhao, J.; Peng, X.; Fan, Y.; Shiguo, S. Chem. Eur. J. 2007, 13, 2880-2892 © . 
a) 
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of the electrophile (the –C=O- of the lactide ring) was shown to be promoted by the 
thioureas group by hydrogen bonding , while the covalently attached amine can as an 
activating agent for the nucleophile (R-OH) (Figure 6.5). The ring opening of the lactide 
ring is then enthalpically driven to achieve relatively high molecular weights of lactide 
with low polydispersities.  
It’s Schiff-base like character can also be used to promote additional structural 
modification via acid catalyzed ring closure to form substituted quinolines that can 
subsequently, in this case be used as a macroinitiator for ring opening polymerization. In 
particular, the formation of isoquinolines using the Pomeranz-Fritsch reaction has been 
reported.393  As aforementioned, its multiple binding sites can also be used for enhanced 
coordination with metals and chemosensing applications due to the increased acidity of 
the thioamide protons and its ability to inhibit to growth of bacteria and fungi.  The 
incorporation of thiocarbohydrazones in the aliphatic polyester of PLA can increase its 
marketability in a wide variety of non-conventional applications. 
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Synthesis of thiocarbohydrazone 
Thiocarbohydrazones are easily synthesized by the condensation of diaminothioureas 
and various aldehydes of which a versatile class of compounds can be generated.  
Monomer M6.1 was synthesized using a modified procedure and found to give high 
yields.377   Monomer M6.1 was made from 4-(N,N-Bis (2-hydroxyethylamino) 
benzaldehyde and thiocarbohydrazide in ethanol/water (3:1) solution under reflux for 3 
hours (Scheme 6.1).  The 1,5 (4-hydroxy ethyl benzylidene thiocarbohydrazone was 
purified in ethanol (EtOH) 3 times to give a yellow crystalline powder in 87 % yield.    
Synthesis of monomer M6.1 led to a four arm star macroinitiator which will be used in 
subsequent ring opening polymerization of L-lactide. 
 
Figure 6.5. Thiourea-based catalyst and proposed ROP pathway for racemic lactide 
reprinted with permission form Hedrick et al Macromolecules, 2006, 39, 7863-7871 © 
2006 American Chemical Society 
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1H and 13C NMR spectra were taken in DMSO-d6 with TMS as internal reference.  
Proton NMR studies showed the inequivalency of the anthryl protons due to structure 
differences.371  The characteristic signal for the anthryl protons appears at 7.94 and 8.35 
ppm, while the thioamide and thiol protons representative of the two tautomers are down 
field at 11.09 and 11.42 ppm, respectively. For the phenyl protons, a multiplet of signals 
is found between 6.6 and 7.6 ppm and the ethylene protons signals appear as a multiplet 
in the range of 3.3 to 3.6 ppm.  The OH protons resonate as a sharp singlet at 4.79 ppm.  
The protons assignments are in good agreement to reported literature values. Figure 6.6 
details the 1H NMR spectra of M6.1.  The monomer M6.1 13C NMR spectrum is also in 
good agreement with the expected functional group assignments. 
Scheme 6.1. Synthetic scheme of monomer M6.1 
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The IR spectra for various thiocarbohydrazone derivatives have been detailed 
throughout the literature.  M6.1 has a significant spectral history in the fingerprint region.  
However, major peak assignments can be determined using this method.  For instance, 
the ν(N-H) band is observed at 3262-3330 cm-1, which is overlapped with the very broad 
peak at 3380 cm-1 attributed to the OH stretching absorptions.  A relatively sharp band at 
1591 cm-1 is attributed to the ν(C=N) band.  The ν(C=S) band peak is observed at 1227 
cm-1, while the ν(=C-N) peak is observed at 1355.  The ν(C-H) and tertiary amine 
stretching and absorption bands are in the range of 2873 to 2962 cm-1.  The IR spectrum 
 
Figure 6.6. 1H NMR spectra of M6.1 
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is somewhat consistent with similar thiocarbohydrazone derivatives and significant peaks 
of interest are shown in Figure 6.7.371   
 
 The thermal degradation history of thiocarbohydrazones is believed to undergo a 
three step decomposition process.373,394  The first step transition is attributed to 
coordinated and/or hydrated water molecules, the second transition is due to the 
thiocarbohydrazide moiety and the last transition is attributed to the aldehyde fragment.  
In M6.1, we observed four transitions, of which three are respresented to the transitions 
found in thiocarbohydrazone decomposition and that are in good agreement with 
previous reported literature.373,383  The first transition is attributed to the coordinated and 
or/ hydrated water molecules appearing in the temperature range of 141-155 °C.  The 
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Figure 6.7. FTIR spectra with assignments of selected absorption bands for M6.1 
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second broad transition signifying the decomposition of the thiocarbohydrazide moiety 
spans the temperature range of 250-270 °C.   The long, broad transition from 353 – 442 
°C is attributed to the slow decomposition of the aldehyde unit.  Figure 6.8 shows the 
weight loss and derivative weight % as a function of temperature for M6.1. 
 
Synthesis of dendrimer-like star polymers of thiocarbohydrazone-PLA  
The dendrimer-like thiocarbohydrazone-polylactide polymers were prepared via ring 
opening polymerization of L-lactide in the presence of the M6.1 with Sn (Oct)2 catalyst 
(0.01 wt %) as shown in Scheme 6.2.  As mentioned earlier in the chapter, the 
exceptional properties of the thiocarbohydrazone moiety incorporated into the PLA 
backbone should offer an array of advantageous properties useful in various applications 
such as metal chelators, chemosensors and antibacterial agents.  The concept of metal 
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Figure 6.8.  TGA spectra for M6.1
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containing complexes incorporated in polylactide has been realized before by Fraser and 
coworkers.395  Iron-containing tris (dibenzoylmethane)-polylactide copolymers were 
synthesized and tested for its optical and physicochemical properties, with polymer Mn 
values up to 23 000 and PDI’s as low as 1.06. 
 
Dendrimer-like star polymers (P6.1, P6.2, P6.3 and P6.4) incorporating 0.25, 0.50, 
0.75 and 1 mol % of the M6.1 monomer were synthesized and characterized using 1H and 
13C NMR, FTIR, GPC, TGA and DSC.  NMR data showed characteristic peaks of PLA 
with no significant evidence of the M6.1 monomer due to the small mol % incorporated.  
All polymers were synthesized to give yellow fibrous materials with good yields (>90%). 
The corresponding values obtained by GPC for all polymers are shown in Table 6.1.   
Scheme 6.2. Reaction scheme of ROP of L-lactide with M6.1 as macroinitiator. 
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Figure 6.9 illustrates GPC chromatograms of elution curves for P6.1, P6.2, P6.3 and 
P6.4 and M6.1.  As the mol % of M6.1 increases, the molecular weight decreases 
expectedly.  Bimodal elution curves are evident for P6.1 and P6.2, with slight appearance 
of a bimodal transition for P6.2 and P6.1 are being formed, signifying unequal reactivity 
of macroinitiator or simultaneous PLA ring opening polymerization by other initiator 
impurities.  Mn values decrease from 12.5 to 8 K as mol % of M6.1 increases with 
polydispersities ranging from 1.8-2.0. 
Table 6.1 Selected Properties of M6.1, P6.1-P6.4 
Sample Mn (x10-3)a Mw/Mn
a Td 
(N2)c 
λmax 
nmd 
Ems 
nme Ф
f 
PLA 58 1.9 268 - - - 
M6.1 .53 1.1 148, 270, 402 362 440 .02 
P6.1 16 1.6 262 350 441 .03 
P6.2 11.2 1.8 255 348 440 .04 
P6.3 10.0 1.9 249 348 442 .04 
P6.4 8.1 1.9 245 338 441 .04 
adetermined by GPC, bDetermined by DSC analysis, cDetermined by TGA, dsolution absorption in 
CHCl3, eSolution emission in CHCl3 at λmax, fquantum yield measured using quinine sulphate as 
standard.1 
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DSC thermal transitions did not change dramatically from the homopolymer of PLA.  
Slight decreases due to molecular weight effects were observed in the thermograms, 
which are expected.  The thermal transitions for DSC are listed in Table 6.1.  The thermal 
stability of the polymers was clearly observed as a single step transition with decreasing 
values as mol % of M6.1 increased.  However, the decomposition values only vary 
slightly, whereas it can be attributed to molecular weight effects.  It is noteworthy to 
mention that such low loadings of M6.1 should not dramatically affect the thermal 
properties of PLA alone as shown in Figure 6.10. 
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Figure 6.9.  GPC elution curves chromatogram of M6.1 and P6.1-6.4  
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Optical properties 
The luminescence for solid state thin films and solutions of M6.1 and P6.1-P6.4 is 
shown in Figure 6.11.  With low mol % loadings of M6.1 in the polymer, the 
luminescence is observed both in the solid state and the spun cast film.  The low 
luminescence of both the solution and thin films for the polymer can be attributed to the 
non radiative loss of energy via internal conversion or vibrational relaxation.  The low 
quantum yields of .02-.04 are evidence of the non-radiative mechanisms dominating over 
the fluorescence emission.  
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Figure 6.10. TGA overlay thermogram of M6.1, P6.1, P6.2, P6.3 and P6.4 
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The UV-Vis spectra for solutions of M6.1, P6.1-P6.4 are shown in Figure 6.12.  The 
shift observed for the polymers vary slightly from the monomer with a 9-21 nm 
difference. As polymer weight for the polymers increase, the absorbance intensities are 
slightly shifted.  This phenomenon was observed by Fraser et al who tuned emission 
color of different molecular weights of a difluoroboron dibenzoylmethane polylactide.199 
They speculate that the changes are due to the polymer chain conformation or 
morphology within the solutions.  Similarly, as the molecular weight decreases for P6.1-
P6.4, the absorbance maxima exhibit shift in excitation wavelengths. For the films, the 
absorbance maxima value shifts to the left as compared to the solution absorbance 
P6.1
P6.2
P6.3
P6.4
M6.1 P6.1 P6.2 P6.3 P6.4
 
Figure 6.11. Photograph of solutions of M6.1, P6.1-P6.4 in DMSO/CHCl3 and spun 
cast thin films of P6.1-P6.4 under UV irradiated light (256 nm). 
 178
maxima of polymers.  Figure 13 gives the absorbance spectrum of P6.1 in solution and 
thin film.   
 
The optical properties were studied by UV-Vis spectroscopy and photoluminescence 
spectroscopy in the solution state for M6.1 and P6.1 and shown in Figure 6.14.  
Monomer M6.1 had a maximum absorbance at 387 nm and a maximum emission at 437 
nm taken at the λmax excitation wavelength indicative of the π-π* transition of the 
thiocarbohydrazone derivative (M6.1). The polymer P6.1-P6.4 exhibited absorbance 
maximas in the range of 338-350 and emission maximas from 440-442. For the excitation 
spectra, P6.1 is slightly blue-shifted to shorter wavelength compared to M6.1.  However, 
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Figure 6.12. Excitation spectra for M6.1, P6.1-P6.4 solutions 
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the effect of the polylactide is negligible in the shape and width of the emission curves 
(see Figure 13).  The excitation and emission maxima for M6.1 and P6.1-P6.4 are in 
accordance to what is observed in the literature for thiocarbohydrazone derivatives.378,396  
For M6.1 and P6.1-P6.4, there are relatively large Stokes shifts (78-102 nm) which can 
be attributed to solvent effects with DMSO and CHCl3, complex formation and/or energy 
transfer. 
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Figure 6.13.   Normalized absorbance spectra (a.u) for solution and thin film of P6.1 
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F- anion sensing of bisthiocarbohydrazone derivatives M6.1 and P6.1 
Encouraged by the utility of thiocarbohydrazones in chemosensing applications and 
its versatility in modifying the functional groups, the potential of M6.1 and resultant 
thiocarbohydrazone based polymers (P6.1-P6.4) as fluorescent anion sensors was 
pursued.  For example, as mentioned earlier in the chapter a series of thiocarbohydrazone 
derivatives were tested as colorimetric and ratiometric F- anion sensors and evaluated 
based on the modular structures.377   
M6.1 and bisthiocarbohydrazone-PLA polymers (P6.1-P6.4) were monitored for their 
optical responses to anions by ‘visual eye’ detection and UV-Vis spectroscopy.  M6.1 
exhibits significant color change in the presence of the anion salt additions. However, no 
denoting colorimetric transition is observed for the polymers, which may be characteristic 
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Figure 6.14. Excitation and emission spectra for M6.1 and P6.1 
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of the hydrogen bond interactions between the thiocarbohydrazone and the PLA polymer 
chains, thus deflecting from the occurrence of strong fluorine bond interactions. Under 
UV irradiated light, significant quenching of M6.1 occurs in the presence of the analytes.  
The decrease in emission can be attributed to the non-fluorescent complex formed 
between the bisthiocarbohydrazone derivative and the small anions and it is most evident 
with the iodide anion. In comparison to the polymers P6.1-P6.4, the quencher anions are 
limited to the receptor fluorophores due to the polylactide polymer chains, thus 
decreasing their ability to act as a quenching moiety.  Figure 6.15 shows an example of 
the effect of anion addition in M6.1 and P6.1 solutions. 
 
Control  CN- F- I- PO43- Control    CN- F- I- PO43-
Control  CN- F- I- PO43- Control    CN- F- I- PO43-
M6.1 P6.1
 
 
Figure 6.15. Photograph images of anion addition responses for M6.1 and P6.1 by 
visual eye detection (top) and UV irradiated light (bottom). 
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For both M6.1 and P6.1 solutions, there is a noticeable absorption response to 
fluoride and cyanide anions (figure 6.16).  Upon addition of fluoride (5 equiv), noticeable 
absorption features begin to appear at 321 nm for M6.1, while the main π- π * transition 
decreases in absorption intensity, yet remains somewhat constant in the nanometer range 
for both fluoride and cyanide.  For P6.1, a slight blue shift is observed for the polymers 
after addition of 20 equivalents of fluoride and cyanide, relevant to the monomer.  Based 
on the visual and uv-visible spectroscopy studies, M6.1 displays selective responses 
towards fluoride and cyanide, while polymers P6.1-P6.4 has less sensitivity due to the 
shielding by the PLA polymer chains. 
 
M6.1-TBACN
M6.1-TBAF P6.1-TBAF
P6.1-TBACN
 
Figure 6.16.  Solution (DMSO/CHCl3) absorption of M6.1 and P6.1 before and after 
the addition of fluoride and cyanide. 
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To determine the mechanistic effect of the significant colorimetric responses of M6.1 
in the presence of fluoride, 1H NMR titration studies were carried out.  Evaluation of the 
proton NMR spectra should determine if any significant binding occurs between the 
fluoride ion and the thioamide (-NH) and/or anthryl (-CH=N-) protons.  Figure 6.17 
shows an overlay image of 1H NMR spectra with successive addition of fluoride. It was 
sated earlier in the chapter that the NH and/or thiol protons resonate at 11.09 and 11.42 
ppm (blue dot), while the anthryl protons resonate at 7.94 and 8.35 ppm (red dot).  Upon 
addition of only 5 equivalents of F- anion, the two peaks of the amide or thiol proton 
show dramatic broadening and collapse into a single peak. Merging and broadening of 
the anthryl (-CH=N-) proton peaks occurred with progressive addition of the analyte.   
With continued increase of F- ion equivalents, the NH protons were significantly 
deprotonated, as evidenced by the disappearance of the thioamide proton peaks.  Once 
the deprotonation mechanism occurs, the -CH=N- protons are not strong enough 
hydrogen-bond donors to independently hold a F- ion  tightly, therefore without the 
cobinding effect of the nearby amide NH proton, fluoride anion is not bonded tightly by 
the -CH=N- moiety, and the proton resonance signal is recovered.   
The phenyl proton (green dot) nearest to the thioamide groups also experience a 
fluorine binding effect with slight downfield shift.  It has been shown that there is an 
anion-induced electrostatic effect resulting from the F····H binding complex at the α-
protons of the phenyl groups.397 The partial positive charge on the bound proton creates a 
shielding effect, which results in downfield shifting.  They also speculate that this 
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particular effect is distance dependent and expectedly, in relation to the hydrogen bond 
complex of M6.1, there is little to no effect on the –protons of the phenyl group. 
The alcohol end groups are also able to form F·····H bonds as shown in the decreased 
OH proton peaks (yellow dot).  The noteworthy color change may be attributed to acid-
base neutralization rather than a supramolecular interaction. Due to previous literature, 
the changes of the thiocarbohydrazone as a result of fluoride addition can be attributed to 
(a) formation of the fluorine-hydrogen bond complex with the thioamide protons, 
fluorine, (b) hydrogen bond complex between the thioamide protons and the anthryl 
protons and (c) subsequent deprotonation of the thioamide protons.398  For the polymers 
(P6.1-P6.4), hydrogen bonding between the C=O groups and the thioamide and/or 
anthryl groups can limit the formation of fluorine-CH bonds that would otherwise occur 
with the fluorophore (M6.1).   
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Figure 6.17. 1H NMR titration of M6.1 with progressive addition of fluoride anion in 
CHC13 
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Conclusions  
The synthesis of a novel bithiocarbohydrazone derivative was successfully 
synthesized and used as a macroinitiator for the ring opening polymerization of L-lactide 
in the presence of Sn(Oct)2.  The thiocarbohydrazone monomer exhibited a bimodal 
absorbance curve attributed to the tautomeric forms of the thione and thiol.  The 
polymers exhibited tunable excitation maxima as a result of different polymer weights.  It 
is proposed that the differences in absorption maxima is due to conformational changes 
that provide an increased shielding effect due to increases in molecular weight.   
The addition of anion addition, particularly fluoride and cyanide influences the 
absorbance and emission of the thiocarbohydrazone and the respective polymers (P6.1-
P6.4).  Dramatic colorimetric detection is observed for M6.1 with resultant quenching of 
the emission, which we propose is attributed to the non-fluorescent complex formed 
between the bithiocarbohydrazone derivative and the small anions. The shielding effect 
of the PLA chains in the polymers decrease this effect result in continued fluorescence.   
1H NMR titration studies indicated the proposed binding and deprotonation 
mechanism of the fluoride addition to the M6.1 solution.  The recognition system shows 
selective and ratiometric selectivity to fluoride via formation of the fluorine-hydrogen 
bond complex with the thioamide protons, fluorine, hydrogen bond complex between the 
thioamide protons and the anthryl protons and subsequent deprotonation of the thioamide 
protons.  The relatively facile syntheses of thiocarbohydrazones make it a versatile way 
to employ multifunctional moieties in PLA and other polymers.  
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CHAPTER SEVEN 
CONCLUSIONS AND FUTURE OUTLOOK 
 
The concept of sustainability has become a fundamental concern and thus, researchers 
and scientists have placed a rising emphasis and increased efforts towards the 
development of a healthier and environmentally safe world.   As we begin the era of 
expanding environmentally benign science, especially in the area of polymers and 
chemistry, specific questions such as ‘what do you perceive as the single greatest 
challenge facing organic and polymer chemistry today’ and ‘how do our challenges 
translate into opportunities to help enable and assist a sustainable, secure, and healthy 
world?’ epitomize the ongoing and future advances in the field of chemistry, while 
showing the exemplary effort that has been put forth by the scientific community in 
response to the growing awareness of maintaining a sustainable and safe world. 
The implementation of renewable resources can be divided into a variety of sectors, 
each playing an important role towards sustainable development in science and 
technology.  The first sector (the health and global security arena), includes the biology-
materials interface, nano-fibers for biological applications, engineered biomaterials, drug 
delivery systems, cell-surface interactions, molecular recognition and biological sensors 
for health and global security, biosensors, DNA detection technologies and chemical 
sensors for health and global security has seen widespread research growth.   
In the sustainable energy and environment sector, which includes polymers for solar 
cells, thin film batteries, macromolecular additives against corrosion and flammability 
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and proton conducting membranes and fuels cells and the last sector (industrial design, 
sustainable polymer chemistry, and innovations in green polymer chemistry), significant 
advances towards the design and development of sustainable and renewable technology 
have been accomplished.  
My work included in this dissertation has been instrumental in the synthesis and 
development of novel lactide containing polymers derived for specific applications by 
altering physical, optical and dynamic properties that can help to increase its wide market 
application.  The research platform has included the copolymerization of lactide with 
commercial perfluoropolyether diols (supplied by Solvay Solexis) toward 
perfluoropolyether-block-PLA (FluoroPLA) polymers.  The use of fluorinated polyether 
oligomers for initiation of L-lactide monomer afforded the first FP copolymer of its kind.  
The perfluoropolyether segments impart optical clarity, improved ductility, reduced 
surface energy and water wettability, and excellent melt-processability with a minimum 
of fluorine incorporation.   
These novel polymers have been processed into fibers and films of desired properties 
for specific applications.  Degradation of PLLA was diminished significantly upon 
addition of PFPE segments and allowed for tailorability of properties of PLLA at various 
environmental conditions (humidity, temperature, pH etc.).  The incorporation of 
fluorinated oligomers in PLLA also increases the general use for PLLA polymers in oil, 
water and soil repellency applications.  These materials have potential to replace 
petrochemical based polymers in commodity areas such as plastics and textiles where 
properties can be tailored depending upon end use requirements. 
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 It has also included the copolymerization of lactide with biodegradable 
polyhydroxyalkanoates (PHA) where Lactide was successfully copolymerized with 
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHA) using a catalytic amount of tin 
octoate to generate a novel in situ copolyester consisting of both repeating units.  
Polylactide containing 20 wt % of PHA exhibited significant changes in thermal behavior 
as shown by DSC.  Both the glass transition and crystallization transition had been 
altered significantly, indicating formation of a new PLA-co-PHA copolymer different 
from that of its starting materials and respective blend.   
The polymerization proceeded by random transesterification and competing initiation 
of lactide, occurring through chain scission reactions of PHA in the presence of Sn(Oct)2 
giving a random multi-block copolymer (Scheme 2) with  molecular weights (Mn) 
ranging from 25-50K.  The in situ copolymer 3a also imparts improved mechanical 
properties based on its lower viscosity and dynamic moduli for superior processing 
conditions as compared to PLA alone that may be useful in a variety of commodity and 
biomedical applications.  
 Also, the development of novel PLLA polymers embedded with molecular 
recognition supramolecules towards analyte detection such as fluoride and cyanide has 
been realized.  These hydroxyl end group thiophene based monomers were successfully 
used as macroinitiators for ROP of lactide and it has been shown that both monomers and 
polymers exhibit high luminescent properties.  By encapsulating single bithiophene based 
chromophores into a renewable resource polymer, a readily processable, highly 
fluorescent material can be achieved.  We have shown the utility of PLA based sensor 
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systems that exhibit high sensitivity towards F- and CN- anions.  Specifically, the 5,5’ di-
4-perfluoropolyether bithiophene monomer and 5,5’ di-4-perfluoropolyether bithiophene 
polylactide copolymer shows the most significant colorimetric and emission change for 
both the CN- and F- (TBA) salt additions. All polymers exhibit better solubility in 
various solvents, thus rendering facile processability towards fabrication of solid state 
sensors, as compared to their monomeric counterpart.   
Further work should include the development of solid state materials, i.e. films and 
fiber mats that can undergo optical responses in the presence of analyte such as fluoride 
and cyanide.  The current sensing ability has been shown for solution state using organic 
solvents.  We envision this strategy can allow for the development of renewable lactide 
derived sensors that can detect analytes in both solutions and solid state by altering the 
encapsulated molecular recognition supramolecules. This renewable technology platform 
can have a beneficial impact not previously known in sensing applications such as 
incorporating modified polyphenylenevinylenes for nitroaromatic monitoring in 
explosive detection and modified bypyridyl moieties that can be used in metal ion 
sensing such as Ca2+ and Hg2+. 
The final area involves the synthesis of a novel bithiocarbohydrazone derivative 
which was used as a macroinitiator for the ring opening polymerization of L-lactide in the 
presence of Sn (Oct)2.  The thiocarbohydrazone monomer exhibited a bimodal 
absorbance curve attributed to the tautomeric forms of the thione and thiol.  The 
polymers exhibited tunable excitation maxima as a result of different polymer weights.  It 
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is proposed that the differences in absorption maxima is due to conformational changes 
that provide an increased shielding effect due to increases in molecular weight.   
The addition of anion addition, particularly fluoride and cyanide influences the 
absorbance and emission of the thiocarbohydrazone and the respective polymers (P6.1-
P6.4).  Dramatic colorimetric detection is observed for M6.1 with resultant quenching of 
the emission, which we propose is attributed to the non-fluorescent complex formed 
between the bithiocarbohydrazone derivative and the small anions. The shielding effect 
of the PLA chains in the polymers decrease this effect result in continued fluorescence.   
1H NMR titration studies indicated the proposed binding and deprotonation 
mechanism of the fluoride addition to the M6.1 solution.  The recognition system shows 
selective and ratiometric selectivity to fluoride via formation of the fluorine-hydrogen 
bond complex with the thioamide protons, fluorine, hydrogen bond complex between the 
thioamide protons and the anthryl protons and subsequent deprotonation of the thioamide 
protons.  The relatively facile syntheses of thiocarbohydrazones make it a versatile way 
to employ multifunctional moieties in PLA and other polymers.  
As scientists, there remains an underlying core for understanding the key issues that 
affect not only polymeric science but science as a whole in relation to the environmental 
impacts.  As public concerns grow with respect to the harmful effects that current 
technologies and products have, increasing pressure forces us, as the scientific 
community to share information, pursue ‘safer’ research, monitor current technologies 
and seek opportunities to provide safer products.  The concept of “sustainable 
development” reflects many vibrant interfaces between nature and society.   This 
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dissertation enables new visions and/or perspectives for lactide derived polymeric 
materials towards a more sustainable environment, while hopefully allowing for 
inspiration for future studies and research growth in renewable resources implementation 
in existing and future technologies. 
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CHAPTER EIGHT 
EXPERIMENTAL 
Materials 
L-lactide, Stannous Octoate, chloroform-D was purchased from Aldrich, poly 
(tetrafluoroethylene oxide-co-difluoromethylene oxide) α, ω-diol (Fomblins Z DOL)™ 
was obtained from Solvay-Solexis.  Poly (3-hydroxybutyrate-co)-3-hydroxyhexanoate 
samples were generously supplied by Proctor and Gamble Co. under the tradename, 
NODAX. All other chemicals and reagents were purchased from Fisher or Sigma Aldrich 
and used as received unless otherwise stated.  HPLC grade THF and reagent grade Et2O 
were dried and deoxygenated by passage through a Pure-Solv solvent purification system 
equipped with Cu/Al columns from Innovative Technologies. Anhydrous DMF was 
further dried by storage over anhydrous MgSO4 under nitrogen atmosphere. Glassware 
and syringes were flamed-dried and allowed to cool in a desiccator prior to use. Syringes 
fastened with needles were flushed with nitrogen prior to use. All reactions and solvent 
transfers were carried out under an atmosphere of nitrogen. Air- and moisture-free 
manipulations were carried out in an MBraun Labmaster glove box where ca. 2 ppm and 
5 ppm of O2 and H2O were maintained, respectively. 
 
Instrumentation 
13C, 1H, and 19F NMR spectra were recorded on a JEOL Eclipse 300 or 500 
spectrometer in DMSO-D6, or chloroform-D6 with TMS standard. Absorption and 
photoluminescence spectroscopy was performed on a Perkin Elmer Lamba 900 
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spectrophotometer and a Horiba Jobin Yvon Fluorolog 3-222Tau photoluminescence 
spectrometer, respectively. Samples for absorbance and emission spectra had a path 
length of 1 cm in Spectrosil quartz cuvettes, with volumes of 3 mL. Slit widths were kept 
constant for emission measurements. Quantum yields were determined by established 
procedures.353  Gel permeation chromatography (GPC) in CHCl3 was obtained using a 
Waters 2690 by comparison to polystyrene standards. Thermal gravimetric analysis 
(TGA) data was obtained from a Mettler-Toledo 851 TGA/SDTA system at a heating rate 
of 10 °C min-1 in a nitrogen atmosphere.  
Differential scanning calorimetry (DSC) was performed on a TA instruments Q1000 
system with an auto sampler and liquid nitrogen cooling system. Heating and cooling 
ramp rates for all samples were carried out from -120 to 190 °C at 10 °C/min. The glass 
transition (Tg) was obtained from a second heating curve after cooling at 10 °C /min.  The 
reported Tg value was taken at the midpoint of the Cp curve.  Thermal analysis was 
carried out using TA Instruments Universal Analysis software. Combustion analysis was 
performed on a Perkin Elmer Series II 2400 CHN analyzer (C, H, and S) and an average 
of three runs for each sample is reported.   
Attenuated total reflectance-Fourier transform infrared (ATR–FTIR) analysis of neat 
samples was performed on a ThermoNicolet Magna IR 550 FTIR spectrophotometer with 
a diamond crystal mount or equipped with a Nic-Plan microscope, with a resolution of 2 
cm-1 using 16 scans.  Solutions of polymers in CHCl3 were drop cast on KRS-5 plates 
under a heat lamp. Estimated film thickness < 1 µm.  Gas chromatography (GC) coupled 
with mass spectrometry (MS) was performed on a Shimadzu GC–17A gas 
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chromatograph coupled with a Shimadzu QP5000 mass spectrometer (EI at 70 eV) with 
initial temperature of 60°C at a ramp of 10 °C/min. 
Static water contact angle measurements were obtained with a Kruss G10 instrument 
and the average static contact angles were obtained using at least six droplets on each 
film specimen.  The static contact angle (equilibrium ) were measured using a Krüss 
Contact Angle machine by sessile drop method for Water, Glycerol, Formamide, 
Methylene Iodide and n-Hexadecane on PLLA and high molecular weights of the PLLA-
PFPE copolymers dip coated on silicone wafers. Atomic Force Microscopy was 
performed on non oriented spin coated films of PLLA and FluoroPLA20 copolymers 
using Digital Instrument Multimode Nanoscope (IV) system in tapping mode using 
silicon cantilever tips with scan rates between 0.5 and 1Hz. 
Viscoel Viscoelastic measurements were performed using a Rheometric Scientific 
ARES rheometer.  Samples were tested using a cone and plate geometry with a diameter 
of 25 mm where dynamic strain and frequency tests were conducted at a temperature of 
165 °C.  Spherulite morphologies and crystal growth were characterized on a Nikon 
SMZ-U microscope utilizing linear polarized light, with an attached Mettler FP82HT 
hotstage at which samples were brought to 170 °C, remained at isothermal point for 5 
min, and then allowed to cool at a rate of 5 °C/min. Digital images were captured and 
analyzed using Image Pro Plus (4.0) software at 10k magnification. 
For in vitro degradation studies, polymer films were cast from a 10% (w/v) solution 
in CHCl3 using Teflon sheets.  After 72 hours of drying at a temperature of 4 ºC, the 
samples were recovered and disks with a diameter of 17 mm were punched from the film 
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sheets using a cork bore.  The film disks were then placed in vacuo at room temperature 
until constant weights were achieved.  To determine the in vitro degradation profiles, 
weighed films were placed in 10 mL of phosphate buffered saline (PBS, pH 7.4, 0.15M) 
and kept at 37 ºC in an incubator with constant agitation.  Samples were removed at 
designated times, blotted with kimwipes and freeze dried using a lyophilizer at -35 ºC for 
approximately 72 hours.  Polymer mass loss was calculated from the following formula: 
Mass loss (%) = 100 – (mass (dry) x 100/(original mass)).   
 
Methods 
Blends of PLLA and PHA (20% PHA/PLLA). Solution blending was obtained by using 
the designated weight percentages of PHA and PLLA dissolved in a minimal amount of 
CHCl3 (10 wt % solutions). The mixtures were then precipitated in cold, swirling 
methanol, then hexane, and the resulting polymer blend was dried in vacuo. Analysis was 
then performed and compared to the copolymer prepared in situ.   
 
Blend Preparation of 1-20 wt. % PFPE content in blend.  Solution blending took place in 
CHCl3 as the desired solvent obtaining the 1, 5, 10 and 20 wt. % compositions of PFPE 
and PLLA. The solutions were observed as milky white suspensions. The PFPE/PLLA 
emulsion solutions was then precipitated in swirling methanol and dried in vacuo. 
 
Film preparation for contact angle measurements.   Films of selected polymers and 
blends were made using 5-10 % solvent to polymer ratio. The solutions were then spun 
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cast onto glass plates or silicon wafers and air dried slowly for 72 hours, then placed in a 
vacuum oven for further solvent removal. 
 
Anion Selectivity of M5.1, M5.2, P5.1, P5.2, M6.1, P6.1-P6.4 
A 3.0 mL aliquot of a 1 mM solution in DMSO or CHCl3 or combination of both for 
all samples was added to each of nine quartz cuvettes. To each cuvette was added 1.0 
equiv (30 µL aliquot of a 0.1 M stock solution) of an anion salt. The salts used for 
analysis were tetrabutylammonium fluoride (TBAF), tetrabutylammonium cyanide 
(TBACN), tetrabutylammonium iodide (TBAI), and tetrabutylammonium phosphate 
(TBAP).  Changes were apparent ‘by eye’ only for TBAF and TBACN. Absorbance and 
fluorescence spectra confirm that only TBAF and TBACN solicit any noteworthy change. 
Addition of a large excess of anion salts (saturation by addition of solid 
tetrabutylammonium salts) still did not lead to any noteworthy visible change in color or 
emission for the other anions other than a quenching of fluorescence and/or darkening 
with TBAI. 
 
UV-Vis Titration of M5.1, M5.2, P5.1, P5.2, M6.1, P6.1-P6.4 with TBAF and TBACN 
A 3.0 mL aliquot of a 1 mM solution in DMSO or CHCl3 or combination of both for 
all samples to a quartz cell with an optical path length of 1 cm. Small aliquots 
(approximately 3 µL) of a 0.1 M TBAF or TBACN solution in CHCL3 and/or DMSO 
were added to each cuvette. A total of 150 µL of the TBAF or TBACN solutions were 
added.  
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Synthesis of polyhydroxyalkanoate-co-polylactide copolymers (P3a) 
To a 5 mL glass ampoule were added poly (3-hydroxybutyrate-co)-3-
hydroxyhexanoate (Mn ) 126 000, 0.2 g), L-lactide (0.8 g), and Sn (Oct)2 (100 µL of 0.01 
mol L-1 solution in anhydrous toluene) under nitrogen. The ampoule was heated to 
facilitate mixing and sealed under vacuum. The tube was then immersed in an oil bath at 
130 °C for 24 hours. The crude product was dissolved in chloroform, precipitated into 
both methanol and hexane repeatedly, and then dried in vacuo to afford a white fibrous 
material. Yield: >90%. FTIR (neat film) (cm-1): 756, 870, 978, 1050, 1092, 1131, 1185, 
1268, 1304, 1362, 1383, 1453, 1684, 1758, 2894, 2944, 2994. 1H NMR (300 MHz, 
CDCl3) δ (ppm): 5.20 (q, J = 6.88 Hz, 1H, α-H, PHA), 5.10 (q, J = 7.24 Hz, 3.2H, R-H, 
LA), 2.5 (d, J = 15.48, 7.24 Hz, 1.6H, R-H, PHA), 1.56 (d, J = 6.88 Hz, 15.1, CH3, LA), 
1.25 (d, J = 6.19, 1.26H, CH3, PHA), 0.88 (t, J = 7.24 Hz, 0.16H, -CH2CH3, PHA). 13C 
NMR (500 MHz, CDCl3) δ (ppm): 169.71, 169.43, 169.25, 69.10, 67.70, 40.86, 19.86, 
18.42, 16.73. 
 
General Procedure of the synthesis of perfluoropolyether-co-polylactide copolymer 
(P4.1) 
To a 5 mL glass ampoule under nitrogen the desired composition amounts (1, 5, 10, 
20 wt %) of poly (tetrafluoroethylene oxide-co-difluoromethylene oxide) α, ω-diol 
Fomblins Z-Dol™ (PFPE), L-LA and Sn (Oct)2 (100 µL of 0.01 mol L-1 solution in 
anhydrous toluene) were added.  The ampoule was then heated to facilitate mixing and 
sealed under vacuum.  The tube was then immersed in a preheated oil bath at 130 °C for 
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24 hours.  The crude product was then dissolved in chloroform and precipitated into cold 
swirling methanol repeatedly.  The resulting polymer was dried in vacuo to afford a white 
fibrous material. Yield: >90%. FTIR (neat film) (cm-1): 693, 754, 869, 918, 956, 1044, 
1080, 1183, 1127, 1180, 1264, 1359, 1382, 1453, 1684, 1749, 2881, 2945, 2996; 1H 
NMR (300 MHz, CDCl3) δ (ppm): 5.14 (q, J = 7.30 Hz, α-H, PLLA), 4.56 (q, J = 9.96 
Hz, -CF2CF2OCH2-, PFPE) 4.34 (q, J = 6.85 Hz, -CF2OCH2-, PFPE) 1.56 (d, J = 6.88 
Hz, -CH3, PLLA); 13C NMR (300 MHz, CDCl3) δ (ppm): 169.70, 129.11, 128.31, 
125.38, multiplet 118.43-114.23, 16.72; 19F NMR (300MHz, CDCl3) δ (ppm): -51.7, -
53.4, -55.1, -56.7, -77.4, -79.52, -82.8, -85.1, -88.8, -90.5, -92.1, -127.27, -130.83. 
 
Monomer synthesis for thiophene based polylactide polymers (M5.1, M5.2a and M5.2) 
5,5’-Bis (4-hydroxymethylphenyl)-2,2’-bithiophene (M5.1) 
5,5’-Bis(4-hydroxymethyl phenyl)-2,2’-bithiophene was prepared using a modified 
procedure.8 5,5'-Dibromo-2,2'-bisthiophene (1.00 g, 3.1 mmol), 4–hydroxymethyl 
phenylboronic acid (0.985 g, 6.5 mmol), Na2CO3 (20 mL, 2 M), and DMF (30 mL) were 
charged in a round bottom flask. The reaction mixture was sparged with N2 for 10 min. 
Pd (PPh3)4 (0.2 g, 0.20 mmol) was then added and the reaction mixture was placed in a 
preheated oil bath at 100 °C for 24 h. The reaction mixture was allowed to cool to room 
temperature and the precipitated solids were collected by filtration.  Recrystallization 
from hot DMSO (ca. 90 °C) afforded the title compound as an orange yellow solid (900 
mg, 45 %).  1H NMR (DMSO-d6, 300 MHz) δ 7.62 (AB pattern, J = 9.02 Hz, 4H), 7.47 (AB 
pattern, J = 3.94 Hz, 4H), 7.35 (AB pattern, J = 7.24Hz, 4H) 5.26 (s, br, 2H), 4.48 (s, 4H); 
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13C NMR (DMSO-d6, 76 MHz) δ 143.0, 136.0, 132.2, 127.9, 127.8, 125.8, 125.6, 124.9, 
63.2.  Anal. Calcd for C22H18O2S2: C, 69.81; H, 4.79; O, 8.45; S, 19.94. Found: C, 69.01; 
H, 4.69; S, 17.55. 
 
5,5’-Bis (4-hydroxyphenyl)-2,2’-bithiophene (M5.2a)  
The title compound was prepared using a modified procedure from previously 
published work. 5,5'-Dibromo-2,2'-bisthiophene (1.94 g, 6.00 mmol), 4-
hydroxyphenylboronic acid (1.69 mg, 12.24 mmol), Na2CO3 (30 mL, 2 M), and DMF (30 
mL) were charged in a round bottom flask. The reaction mixture was sparged with N2 for 
10 min. Pd (PPh3)4 (692 mg, 0.60 mmol) was then added and the reaction mixture was 
placed in a preheated oil bath at 100 °C for 24 h. The reaction mixture was allowed to 
cool to room temperature and the precipitated solids were collected by filtration. 
Recrystallization from hot DMSO (ca. 90 °C) afforded the title compound as a pale green 
solid (850 mg, 40%). 1H NMR (DMSO-d6, 300 MHz) δ 9.73 (s, br, 2H), 7.46 (AB 
pattern, J = 8.6 Hz, 4H), 7.24 and 7.20 (AB pattern, J = 3.9, 3.9 Hz, 4H), 7.79 (d, J = 
8.26 Hz, 4H); 13C NMR (DMSO-d6, 76 MHz) δ 157.9, 143.1, 134.7, 127.2, 125.2, 125.0, 
123.4, 116.4.  Anal. Calcd for C20H14O2S2: C, 68.54; H, 4.03; O, 9.13; S, 18.30. Found: C, 
68.54; H, 3.90; S, 18.19. 
 
5, 5’ di(4-dihydroxyperfluoropolyether phenyl)-2,2’-bithiophene (M5.2) 
5,5’-Bis(4-hydroxyphenyl)-2,2’-bithiophene (0.5 g, 1.43 mmoles), poly(tetrafluoro- 
ethylene oxide-co-difluoromethylene oxide) α, ω-diol  (4.3 g, 2.9 mmoles), triethyl amine 
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(.76 g, 2.9 mmoles) and dry THF (30 mL) was charged in a round bottom flask.  The 
mixture was cooled to 0 °C and diethylazodicarboxylate DEAD (1.25 g, 2.9 mmoles) was 
added dropwise over 30 minutes.  The reaction mixture was then sonicated for 30 
minutes.  Reaction mixture was then quenched with 5 % HCl solution and extracted with 
ether, then purified by washing over silica gel with hexanes to afford a green-brown oil 
(85%).  1H NMR (DMSO-d6 or CDCl3, 300 MHz) δ 7.65 (multiplet, 4H), 7.62 (AB 
pattern, J = 3.8 Hz, 4H), 7.44 (d, J = 5.6 Hz, 4H), 6.7 (br, s, 2H) 4.22 (q, J = 6.8 Hz, -
CF2CF2OCH2-, PFPE (4H)) 3.85 (multiplet, J = 6.85 Hz, -CF2OCH2-, PFPE (4H)); 13C 
NMR (DMSO-d6, 76 MHz) δ 157.9, 143.1, 134.7, 127.2, 125.2, 125.0, 123.3, multiplet 
118.43-114.23, 116.4.  19F NMR (300MHz, CDCl3) δ (ppm): -51.7, -53.3, -54.9, -56.6, -
80.4, -82.2, -82.5, -84.3, -88.8, -90.3, -92.0. 
 
ROP of thiophene enchained polylactide polymers P5.1 and 5.2 
General procedure for ring opening polymerization for polymers P5.1 and P5.2 
P5.1-To a 5 mL glass ampoule under nitrogen the desired composition amounts of 
monomer initiator (M5.1), L-LA and Sn (Oct)2 (100 µL of 0.01 mol L-1 solution in 
anhydrous toluene) were added. The ampoule was then heated to facilitate mixing and 
sealed under vacuum.  The tube was then immersed in a preheated oil bath at 120 °C for 
24 hours.  The crude product was then dissolved in chloroform and precipitated into cold 
swirling methanol repeatedly.  The resulting polymer was dried in vacuo to afford 
fibrous/powdery materials. 1H NMR (300 MHz, CDCl3) δ (ppm): 5.14 (q, J = 7.30 Hz, α-
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H, PLLA), (d, J = 6.88 Hz, -CH3, PLLA); 13C NMR (300 MHz, CDCl3) δ (ppm): 169.7, 
129.1, 128.1, 125.8. 
 
P5.2-To a 5 mL glass ampoule under nitrogen the desired composition amounts of 
monomer initiator (M5.2), L-LA and Sn (Oct)2 (100 µL of 0.01 mol L-1 solution in 
anhydrous toluene) were added. The ampoule was then heated to facilitate mixing and 
sealed under vacuum.  The tube was then immersed in a preheated oil bath at 120 °C for 
24 hours.  The crude product was then dissolved in chloroform and precipitated into cold 
swirling methanol repeatedly.  The resulting polymer was dried in vacuo to afford 
fibrous/powdery materials.  Yield: >90%. FTIR (neat film) (cm-1): 695, 747, 872, 921, 
950, 1044, 1080, 1180, 1122, 1178, 1269, 1342, 1379, 1453, 1684, 1749, 2881, 2945, 
2996; 1H NMR (300 MHz, CDCl3) δ (ppm): 5.14 (q, J = 7.30 Hz, α-H, PLLA), 4.56 (q, J 
= 9.96 Hz, -CF2CF2OCH2-, PFPE) 4.34 (q, J = 6.85 Hz, -CF2OCH2-, PFPE) 1.56 (d, J = 
6.88 Hz, -CH3, PLLA); 13C NMR (300 MHz, CDCl3) δ (ppm): 169.7, 129.1, 128.1, 
125.3, slight multiplet 118.4-114.2, 16.7; 19F NMR (300MHz, CDCl3) δ (ppm): -51.7, -
53.4, -55.1, -56.7, -77.4, -79.52, -82.8, -85.1, -88.8, -90.5, -92.1. 
 
Synthesis of thiocarbohydrazone derivative (M6.1) 
1,5-Bis(4-hydroxyethylbenzylidene) thiocarbonohydrazone- a solution of 0.5 g, 4.7 
mmoles of thiocarbohydrazide in 40 ml of H2O was heated up to 50 °C in a 3 necked 100 
mL round bottom flask. A solution of 4-(N,N-Bis(2-hydroxy ethylamino) benzaldehyde 
(2.4 g, 11.3 mmoles) in anhydrous EtOH (30 mL) was then added and the mixture heated 
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at 60 °C for 3-4 hours, allowed to cool to room temperature and the precipitated solids 
collected by filtration.  Recrystallization from EtOH (3 times) afforded a bright yellow 
crystalline solid (1.991g, 87 % yield, m.p. 173-180 °C). FTIR (powder) (cm-1): 3579, 
3379, 3330, 3262, 2962, 2925, 2873, 1592, 1541, 1505, 1425, 1355, 1324, 1298, 1245, 
1227, 1180, 1021, 1046, 999, 952, 926, 900, 852, 817, 712, 661, 615, 524, 455. 1H NMR 
(300 MHz, DMSO) δ (ppm): 11.42 (s, 1H), 11.10 (s, 1H), 8.35 (s, 1H), 7.94 (s, 1H), 7.58 
(d, J = 31.6, 4H ), 6.72 (d, J = 7.6, 4H), 4.80 (s, 4H), 3.54 (dd, J = 4.5, 4.5, 8H); 13C 
NMR (300 MHz, DMSO) δ (ppm): 173.5, 150.0, 129.6, 121.4, 111.7, 58.6, 53.7. 
 
General scheme for ROP of thiocarbohydrazone- polylactide polymers P6.1-P6.4 
To a 5 mL glass ampoule under nitrogen the desired composition amounts of 
thiocarbohydrazone monomer initiator (M6.1), L-LA and Sn (Oct)2 (100 µL of 0.01 mol 
L-1 solution in anhydrous toluene) were added. The ampoule was then heated to facilitate 
mixing and sealed under vacuum.  The tube was then immersed in a preheated oil bath at 
120 °C for 24 hours.  The crude product was then dissolved in chloroform and 
precipitated into cold swirling methanol repeatedly.  The resulting polymer was dried in 
vacuo to afford fibrous/powdery materials. Yield: >90 %; FTIR (powder) (cm-1):  2997, 
2942, 1750, 1597, 1616, 1454, 1385, 1358, 1291, 1212, 1182, 1129, 1044, 956, 915, 871, 
757, 696. 1H NMR (300 MHz, CDCl3) δ (ppm): 5.14 (q, J = 7.30 Hz, α-H, PLLA), 1.56 
(d, J = 6.88 Hz, -CH3, PLLA); 13C NMR (300 MHz, CDCl3) δ (ppm): 169.7, 129.1, 
128.1, 125.8, 16.7. 
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